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Disclaimer Statement

The Exploration Studies Process,as explained in detail in Section 2 of Volume I, was a requirements
driven, iterative, and dynamic process developed for case study analysis. This process consisted of
three parts: (1) requirements generation, (2)implementation development, and (3)integrated case
study synthesis.

During the final step of the process, an integrated mission was developed for each of the case
studies by synthesizing the implementations developed earlier into a coherent and consistent
reference mission. These are presented in Section 3 of Volume I of this annual report. Given the
iterative and dynamic nature of this process, there are two important items to note:

The Integrated case studies do not always reflecta mission that has a direct one-
to-one correspondence to the requirements specified in the March 3, 1989, Study
Requirements DocumenL Many changes were made to these requirements prior
to and during the synthesis activities when warranted.

The Integrated case studies presented in Volume I represent the results of the
synthesis process. Volumes I!, III, and IV are the implementation databases from
which the integrated case studies were derived. Therefore, the implementations
outlined in Volumes II, III, and IV are generally reflected in the integrated case
studies, but, in some cases, the implementations were changed in order to be
effectively included in the integrated case studies. These modifications are only
briefly discussed in Volumes II, III, and IV.
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SECTION 1

EXECUTIVE SUMMARY

For the past 2 years, the NASA Headquarters Office of Exploration (OEXP) has been leading
a NASA-wide effort to provide recommendations and alternatives for a national decision on

a focused program of human exploration of the solar system. The development and analysis of
human exploration case studies provide the framework for the study process, which pulls
together the expertise of all the NASA program offices, the NASA field centers and JPL, the

scientific community, and industry.

The results of these studies are documented annually in the Exploration Studies Technical
Report. The information reported herein reflects the status of exploration studies at the

conclusion of the FY 1989 study process in August 1989. Therefore, no data or analyses

developed to support the President's Human Exploration Initiative are discussed; that effort
is described separately in the "Report of the 90-Day Study on Human Exploration of the
Moon and Mars," published in November 1989. However, the studies documented in this

volume did form the technical information base for both the national decision and NASA's
90-day study.

HUMAN EXPLORATION CASE STUDIES

The case study methodology provides the technical framework within which vari-

ous approaches to human exploration of the solar system can be examined, ana-

lyzed, and compared. Within certain ground rules specified at the beginning of the
study year, an end-to-end analysis and subsequent synthesis are performed, based

on requirements for the elements that compose a human exploration approach:
mission definition and architecture, science opportunities and strategies, transpor-

tation systems, orbital nodes, and planetary surface systems. The results of this
process provide an understanding of the feasibility and benefits of the various case

studies, enabling the identification of primary candidates for the most suitable ap-
proaches to the case study elements.

In FY 1989, three case studies were formulated for detailed development and analy-
sis: Lunar Evolution, Mars Evolution, and Mars Expedition. The Lunar and Mars

Evolution case studies are separate Moon-only and Mars-only approaches to a phased
buildup and sustained outpost development strategy. The Mars Expedition case

study, however, examined an alternative approach to the human exploration of Mars:

a single mission program with the objective of embarking upon the earliest possible
human landing on Mars.
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The Lunar and Mars Evolution case studies were used to analyze and synthesize the

development of permanent human outposts based on a strategy using multiple

missions following three progressive phases: emplacement, consolidation, and utili-

zation.

The emplacement phase emphasizes accommodating basic human habitation needs,

establishing surface equipment and science instruments, and laying the foundation

for future, more complex instrument networks and surface operations by testing

prototypes of later systems. In the process, human explorers start learning to live

and work on another planetary body, conducting local geologic investigations, per-

forming experiments in mining the lunar soil to demonstrate the feasibility of oxy-

gen production on the Moon, and examining the possibility of oxygen and water ex-

traction on Mars. By the end of the emplacement phase, the support facilities in-

clude landing vehicle servicing equipment needed to prepare for longer visits. During

this phase, human operations take place within tens of kilometers of the outpost,

and unmanned rovers are used to explore more distant areas.

The consolidation phase further extends human presence, both in complexity of

operations and distances traveled from the outpost, and continues to develop expe-

rience in living and working in an extraterrestrial environment. During this phase,

outpost capabilities and scientific facilities are improved, more sophisticated instru-

ments are installed, and power and pressurized volume are increased. A construct-

ible habitat is erected at the outpost to provide the increased volume required for

both extended crew residence and laboratory sciences research. Human operations

expand to a range of hundreds of kilometers from the outpost.

Learning to become more independent of Earth now takes on paramount impor-

tance. This involves developing confidence in operational strategies as well as de-

veloping improved outpost element subsystems. More efficient systems for life

support are emplaced, prototypes of resource processing plants are tested, and day-

to-day activities are conducted without continual supervision and guidance from

support staff on Earth.

The objectives of the utilization phase are to make routine use of in situ resources,

and to continue to live and work at the outpost with minimal dependence on Earth.

The area of exploration opportunities is expanded to include routine human access

to more distant points on the planet.

The Mars Expedition case study examined a different approach to the human explo-

ration of Mars, emphasizing the earliest possible date for landing on the surface.

The case study uses an expendable vehicle strategy in which a single vehicle, with

all supporting systems and the Mars landing/ascent vehicle attached, is launched

intact into low-Earth orbit. Several subsequent launches bring up the trans-Earth
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and trans-Mars propulsion stages. Following low-Earth orbit mating of the propul-

sion stages with the piloted vehicle, the three-member crew is launched to Mars in a

zero-gravity vehicle on an opposition-class trajectory with a free flyby abort capabil-

ity. The vehicle uses aerobraking at Mars and remains in Mars orbit for 30 days. A

Mars lander, with all three crewmembers, descends to the surface for 20 days. Limited

science equipment is carried to the surface of Mars. After their tour of duty is com-

pleted, the crew returns to Mars orbit for direct entry to Earth's surface. The nomi-

nal mission duration is approximately 18 months.

None of the focused case studies should be considered a proposal for implementa-

tion of a national exploration strategy. Rather, it was the goal of the FY 1989 explo-

ration studies to develop the database from which subsets, or individual pieces, from

the different case studies could support a defined approach. Furthermore, certain

basic components of an exploration initiative are independent of the target or mis-

sion sequence, such as the need for a heavy lift launch vehicle, the need for expanded

on-orbit operations, and life sciences issues, to name a few. A second goal of the

case studies approach is to begin a dialogue in these particular arenas, and stimulate

studies to bring an understanding, independent of mission, to a level that will sup-

port a national decision.

For each of the three case studies, analyses were conducted and syntheses performed

for supporting infrastructure requirements, preparatory programs, and options,

alternatives, and trades.

SUPPORTING INFRASTRUCTURE DESCRIPTION

All human exploration missions will originate, terminate, and be supported on Earth

and/or in Earth orbit. In addition to the technological and scientific capabilities

needed to expand human presence beyond Earth orbit, the human exploration pro-

gram will require a supporting infrastructure to provide capabilities and services

for establishing and maintaining a functional link to Earth. Significant compatibility

and synergism between human exploration program plans and those of the other

NASA programs that provide the supporting infrastructure are essential.

The exploration program supporting infrastructure will provide the required Earth-

to-orbit and Earth-orbital transportation services, permanently manned Earth orbit

facilities and services, and TNIM (telecommunications, navigation, and information

management) support services as appropriate.

Earth-to-Orbit Transportation

Several Earth-to-orbit launch vehicle concepts have been identified to support the
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FY 1989 case study requirements. These concepts range from current systems (Space

Shuttle, expendable launch vehicles), through derivations of current systems (Shuttle-

derived vehicles), to new classes of launch vehicles (e.g., the Advanced Launch

System). For purposes of case study analysis, a generic concept was developed for a

heavy lift launch vehicle with the capability to lift at least 140 metric tons to low

Earth orbit. Although study results indicated that this concept was appropriate for

the Mars Evolution and Mars Expedition case studies, the Lunar Evolution case study

would best be accomplished using a mixed fleet of Shuttle and Shuttle-derived

vehicles. Launch site ground processing improvements to support a new heavy lift
launch vehicle were also identified.

Space Station Freedom

A detailed assessment was made of the implications on Space Station Freedom of

supporting the case studies and implementation plans required to accommodate

various space transfer vehicles, orbital support equipment, payloads, and addi tional

support infrastructure. This implementation includes an engineering description of

Freedom's systems used to meet the mission requirements, including habitat mod-

ules, laboratory modules, and vehicle processing facilities. Preliminary analysis shows

that, as configured as of January 1989, the Space Station Freedom program can sup-

port all case study requirements by evolving the current Freedom configuration to a

transportation node, provided all currently planned Space Station Freedom hooks

and scars are maintained in the baseline program and that the appropriate heavy lift

launch capability becomes available.

Telecommunications, Navigation, and Information Management

The telecommunications, navigation, and information management (TNIM) archi-

tectural and system design functions were defined for the case studies, and critical

space- and Earth-based technologies that must be developed were identified. The

TNIM architectures for the lunar and Mars case studies are similar in many ways,

but substantial differences exist that translate directly into differing requirements.

The distance between Earth and the Moon results in a one-way transmission delay

of approximately 1.25 seconds, but from Mars, the delay can be as long as 20 min-

utes. In both cases, special approaches to conducting operations must be developed

for human exploration and habitation of the Moon and Mars. Solutions focus on

greater transmitter power, larger antenna dimensions, data compression, and the

development of nearly autonomous systems.

L
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PREPARATORY PROGRAM DESCRIPTIONS

Part of the development and analysis of a range of alternatives for expanding hu-

man presence in the solar system beyond low Earth orbit is the integration of capa-
bilities provided by other NASA programs as they relate to the prerequisites for im-
plementing one or more exploration alternatives. An assessment was made of the

current NASA programs in life sciences, robotic missions, and technology develop-
ment to determine the program capabilities required to implement the case studies.

Life Sciences

Human exploration of the Moon and Mars presents unique challenges for the life

sciences and life support systems well beyond those required for the Space Shuttle
or Space Station Freedom, and life sciences programs significantly impact the ability

of the United States to undertake human exploration missions. The biological ef-
fects on humans resulting from extended exposure to space radiation, zero and/or
artificial gravity, and isolated and confined environments must be understood.

To conduct the human exploration case studies, development is required in five
critical life sciences areas. The first is advanced medical care to provide for remote

care in the event of illness or injury, to develop methodologies for crew health main-
tenance and monitoring, and to identify requirements for crew medical skills. The

second area, reduced gravity countermeasures, addresses the development of meth-
ods to maintain the health and physical capabilities of crews during exposure to

zero, reduced, or artificial gravity and also to facilitate readaptation to Earth's grav-
ity. The third area concerns the space radiation hazard to human explorers. It is

important to determine the levels of risk of chronic low-dose, solar flare, galactic
cosmic, and manmade radiation, and to develop appropriate countermeasures and

warning capabilities.

In the fourth area, life support, processes need to be developed for space transfer

vehicles, planetary surface outposts, EVA space suits, and planetary roving vehicles
to revitalize air and water, supply food, and monitor and decontaminate the envi-

ronment. In addition, protection and warning requirements associated with other
hazards, such as toxic gases and micrometeoroids, must also be developed. Finally,

the fifth area, space human factors, addresses the optimization of systems design
requirements and measures to ensure safe, productive, and enhanced crew perform-
ance.

1-S



OEXP TechnicalReport,FY 1989,Volume !

Robotic Missions

Robotic planetary missions serve as precursors to human exploration missions, de-

termining the planetary environments in which spacecraft and crew must function,

selecting an appropriate landing site, focusing the development of required tech-

nologies, and demonstrating the engineering capabilities needed to conduct human

exploration of the Moon and Mars.

Because previous lunar exploration has provided an extensive base of information

about the Moon, the Lunar Observer mapping mission appears to provide the ap-

propriate data for the Lunar Evolution case study. For the Mars case studies, the

1992 Mars Observer and a future Mars Rover/Sample Return are the highest prior-

ity missions.

Technology Development

The case study methodology has been structured specifically to identify technolo-

gies that enable or enhance human exploration of the Moon and Mars. Special

emphasis was placed on identifying technologies that are required to implement

such missions or that would significantly increase the capability or decrease the cost

of a particular mission. Critical technological requirements fall into three categories:

near-term enabling, mid-term enabling, and far-term enhancing. Near-term ena-

bling technologies are those that must be available prior to 2004 and are essential to

mission success, from the standpoint of either technical feasibility and performance

or affordability. Technologies in this category are required for both Lunar and Mars

case studies. Those classed as "mid-term enabling" meet the same criteria, but they

are needed in the time frame 2004 to 2010. Far-term enhancing technologies are

those that, if available in the post-2010 time frame, would significantly benefit mis-

sions to Mars. Near-term enabling technologies include life support systems, EVA

systems, radiation protection, cryogenic fluid management, cryogenic engines, effi-

dent space transfer systems, and in-space vehicle operations. Mid-term enabling

technologies include nuclear surface power, surface transportation, and in situ re-

source utilization. Far-term enhancing technologies are high-energy aerocapture,

nuclear and solar electric propulsion, and gas-core nuclear thermal rockets.

OPTIONS, ALTERNATIVES, AND TRADES

In addition to the systems definition studies performed in direct response to specific

focused case study requirements, the OEXP activities also include studies and prod-

uct development in three categories. The first of these is special assessments, which

focus on "high leverage" issues that are independent of specific case studies. The
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assessments generally cover a broad subject area with potential for significant bene-
fit to all mission options. Four special assessments -- power systems, propulsion

systems, life support systems, and automation and robotics m were conducted in
FY 1989.

The second category is controlled trade studies, which affect more than one case

study, are case-study independent, or involve multiple integration areas. The stud-

ies represent parametric analyses across a broad range of options, and the results are
essential to further mature the case studies or enable a technical "assault" on the

case study constraints. Three trades-- Earth-Moon node location, lunar liquid oxygen

leverage, and launch/on-orbit operations m were conducted in FY 1989.

The third category is emerging case studies, which are candidate focused case stud-

ies that are not yet sufficiently mature for release from the Mission Analysis and
Systems Engineering analysis process. Upon further analysis by MASE and review

by OEXP, an emerging case study may be adopted in part or total as a future focused
case study, or it may be dropped from consideration. Two emerging case studies,

the Lunar Oasis and a Near-Earth Asteroid Expedition, were developed.

Power System Special Assessment

Power system alternatives were reviewed for spacecraft and lunar and Mars surface
applications. For spacecraft, the power options investigated were nuclear electric

and solar electric for use in cargo vehicles. Studies showed that an SP-100-type ther-
moelectric reactor designed to power a Mars nuclear electric cargo vehicle provides
savings in mass in LEO. Solar electric propulsion also showed potential for savings

in mass as compared to chemical and chemical/aerobrake systems.

For surface systems, a concept was investigated for quick deployment of a nuclear
power plant for use on the lunar surface. Studies indicated that the SP-100-type

thermoelectric reactor integrated into a lander could provide sufficient power for
the early stages of both lunar and Mars evolutionary growth requirements. Poten-

tial power systems for mobile power (rovers) were also examined.

Propulsion Systems Special Assessment

Several studies conducted during FY 1989 focused on comparing propulsion sys-

tems and quantifying the advantages of their use for transportation to Mars. Chemi-
cal rockets were compared with nuclear thermal rockets, both with and without

aerobrakes, for the Mars Expedition and Evolution case studies. Several more ad-
vanced propulsion technologies were investigated to identify and compare their uses
for a Mars cargo mission.

Both chemical with aerobraking and nuclear thermal rocket systems show a large
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benefit (in some cases more than 50 percent) over all-chemical propulsion for all

Mars transportation missions. Chemical/aerobrake and nuclear thermal rocket

systems are competitive, with nuclear thermal rockets showing advantages for the

Mars Expedition case, and chemical/aerobrake showing advantages for the Mars

Evolution case for the conditions considered. Variables such as aerobrake efficiency

(mass fraction) and trajectory/mission design strongly affect the leverage of propul-

sion systems. The use of nuclear thermal rockets with aerobraking has the highest

leverage of systems included in this study for all missions considered.

Another study examined technologies judged to be beyond advanced chemical,

aerobrake, nuclear thermal rockets, and nuclear and solar electric propulsion, but

available within the 25- to 30-year time frame of interest needed for exploration

mission planning. These included solar sails, very high-power nuclear and solar

electric propulsion, solar and laser thermal propulsion, rail guns and mass drivers,

and tethers. Of these, solar sails and very high power nuclear and solar electric

propulsion warrant further study for broad application to exploration missions.

A third study was conducted to identify fuel systems architectures to support trans-

portation vehicles for exploration missions and other requirements. Preliminary

results obtained in FY 1989 are expected to have broad implications for other op-

tions, and will help reduce the number of architecture options that need to be inves-

tigated.

Life Support Systems Special Assessment

Life support systems were examined using the generic scenario of a long-term lunar

outpost as the study baseline. Four different approaches were examined: (1) an

open loop Shuttle-type approach with a regenerable carbon dioxide removal proc-

ess, (2) a closed-loop regenerative physical-chemical system such as that planned for

Space Station Freedom, (3) a hybrid physical-chemical/biological system that repre-

sents an advancement over the Space Station Freedom system, and (4) a biological

system for nearly complete resource recyding and life support. Extravehicular sys-

tems and portable life support systems were also assessed.

The first approach, open-loop systems, has very large mass requirements. Regen-

erative approaches, either physical-chemical or hybrid physical-chemical/biologi-

cal, offer significant resupply and logistics mass savings, and, therefore, would be

appropriate for evolving outposts and Mars transfer vehicles, where initial mass to

orbit and resupply are primary considerations. Of the two regenerative approaches,

the Space Station Freedom system significantly reduces expendables associated with

air and water supply but requires system logistics to maintain operation, and it may

not be totally appropriate for lunar and Mars missions. Hybrid regenerative sys-

K..
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terns, on the other hand, tend to have a higher initial mass, but require less resupply,
depending on the degree of closure. Finally, in situ oxygen used for gas makeup in

the habitat air supply does not offer as much advantage as in situ water, but in situ
oxygen could be used with hydrogen to produce water. In situ water allows flexibil-

ity and can be used to expand an existing regenerative system.

Automation and Robotics/Human Performance Special Assessment

Special assessments in automation and robotics/human performance were directed
at obtaining a better understanding of requirements in these areas for human lunar

and Mars missions. In particular, analyses focused on barrier issues, critical prob-
lems, and high-leverage areas. Conventional and unconventional systems, technol-
ogy, configurations, and technical options were evaluated, and high-level trade

studies were performed. The goal of the assessment was to provide system analysis
and design capability to enable effective allocation of functions between humans

and machines for human exploration missions. The study was an iterative process
that incorporated new information as it became available.

Overall, the assessment revealed that the current level of automation and robotics

technology cannot handle the increasingly complex mission scenarios. Advances in

automation and robotics technology are required to provide the semi-automated

construction, maintenance, and repair capabilities that are critical to mission suc-
cess. Likewise, advances in large-scale expert system technology are necessary to

enable semiautonomous operation of the piloted spacecraft and planetary surface
outposts.

Earth-Moon Node Location

The objective of this controlled trade study was to determine the most advantageous
location for a transfer node for lunar missions, and to characterize this node location

in terms of performance, functionality, and cost. Potential node locations in Earth-

Moon space include low and geosynchronous Earth orbit and five libration points.

The performance and functionality assessments indicate that low lunar orbit and the

L2 and L5 libration points are the best candidates for a node facility outside low
Earth orbit. The direct-to-surface option also offers the interesting possibility of
performing all assembly, fueling, and tests of the lunar vehicle in low Earth orbit for

a modest performance penalty. Preliminary cost assessments support the conten-
tion that the use of lunar-derived oxygen can reduce overall cost.
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Lunar Liquid Oxygen Leverage

The objective of this controlled trade study was to determine the lunar outpost ac-

tivity level at which the production of oxygen from lunar materials becomes attrac-

tive as a means of reducing total program costs. By varying a number of parameters,

such as number of crew and outpost activity level, it was possible to examine and

analyze the impact of these parameters on oxygen demand. Study results indicate

that using lunar liquid oxygen in the life support system, for lunar science missions,

and for transportation between the lunar surface and low lunar orbit for an outpost

with a crew of four results in significant total program cost savings within 10 years

of operation.

Launch/On-Orbit Processing

The objectives of this controlled trade study were to analyze the trades associated

with launching, assembling, and servicing a space transfer vehicle and to derive an

effective blend of Earth-to-orbit launch capability, transfer vehicle design, and ground

and space processing capabilities to support a given set of mission requirements.

For FY 1989, a methodology and the proper analytical tools were developed for this

trade study. In addition, the trade space of launch vehicle capabilities was assessed

to provide information on required processing facilities, relative costs, and payload

ground facilities. Also, the required on-orbit transfer vehicle processing facilities,

equipment, and tasks were determined. Future work to complete the trade study

will include assessing the proper blend of automation and robotics versus extrave-

hicular activity, and then determining the relative cost of the on-orbit facilities and

operations required to process space transfer vehicles.

Lunar Oasis Emerging Case Study

The Lunar Oasis emerging case study is an effort to define an alternative lunar out-

post development strategy that considers self-sufficiency the major goal of the facil-

ity. The rationale for an effective architecture of the case study was developed to de-

termine the magnitude of the space transportation logistics requirements, to under-

stand new technology, and to decide what prerequisite science information should

be obtained. It was concluded that the Oasis is a feasible approach, and elements of

it should be studied in conjunction with future lunar case studies.

Near-Earth Asteroid Expedition Emerging Case Study

The principal reasons for considering the human exploration of near-Earth asteroids

are to assess potential resources and to enhance scientific understanding of the his-

tory of the solar system. In addition, missions to asteroids could be carried out as an

alternative to a Phobos mission, if a piloted mission to an asteroid-like body is re-
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quired as part of the development of capability for later missions to Mars. Although

near-Earth asteroids pass within the orbital distance of the Earth from the Sun, simple

missions to these targets do not abound. No missions were discovered during this

assessment that appeared to offer a near-term alternative to Phobos missions in terms

of reducing round-trip times for reasonable initial masses in low-Earth orbit. It is,

however, possible that new near-Earth asteroids with more accessible orbits will be
discovered in the future.

SUMMARY

The goal of the FY 1989 Exploration Studies was to develop the database from which

subsets of different case studies could support a defined approach. Several key find-

ings, in areas including Mars trajectories, propulsion systems, vehicle design, plane-

tary surface systems, orbital nodes, and launch vehicles, have emerged from these

studies. The key findings of the 1989 studies combine with those of the 1988 studies

to build the foundation of future analyses to determine how best to achieve the na-

tional goal of expanding human presence and activity beyond Earth's orbit into the

solar system.
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SECTION 2

Introduction

The NASA Office of Exploration (OEXP) was established
in June 1987 to provide recommendations and alterna-
tives for a national decision on a focused program of
human exploration of the solar system, particularly of
the Moon and Mars. OEXP is responsible for steering
Agency investments on a practical, year-by-year basis
toward providing feasible, defined choices in prerequi-
site programs and capabilities. With management cen-
tralized at NASA Headquarters, OEXP leads a NASA-
wide team consisting of many of the program offices and
field center organizations, where existing and future
programs, plans, and support functions would be inte-
gral to the implementation of a national human explo-
ration initiative.

Section2, Introduction

Obtain Detailed Understandin¢ of Prerequisite Require-
merits. The Office of Exploration continued to coordi-

nate with the NASA Headquarters program offices to
determine prerequisite requirements for Earth-to-orbit
transportation, life sciences research, robotic scientific
missions, Space Station Freedom utilization, telecommu-

nications, navigation, information management, and

technology. The strategy for FY 1989 focused on seek-
ing to sort out truly enabling prerequisites from those

that simply enhance. Emphasis was placed on exploit-
ing the systems and infrastructures that will be in place

in the late 1990s for initiating exploration. Areas more
fully developed in FY 1989 include the initiation, with

the Office of Space Science and Applications (OSSA), of
science studies and user requirement and opportunity
development. Also with OSSA, the OEXP continued to

study artificial gravity research facility feasibility and
concepts.

2.1 EXPLORATION STUDIES

2.1.1

FY 1989 is the second year of OEXP-sponsored explora-
tion studies. Based on last year's experience, and on the
developing and changing environment of the civil space
program, a specific set of FY 1989 objectives was devel-
oped to guide the content, schedule, and milestones of
the year's study plans.

The primary and continued goal is to develop a mature
knowledge base to enable a decision on a program for
human exploration. For the second year of studies, the
objectives that were developed to achieve this goal are:
(1) update and refine exploration cases for detailed study,
(2) obtain a more detailed understanding of prerequi-
site requirements, (3) continue building the capabilities
of the exploration study team, and (4) develop effective
internal and external communications. The specific
strategies to be employed this year to ensure the achieve-
ment of objec_ves 1, 2, and 3 are described below. The
development of objective 4 was a NASA Headquarters

OEXP function and is not reported in this document.

Update and Refine Exploration Cases. For FY 1988
exploration studies, the approach and methodology were
actually formulated somewhat in parallel with the stud-
ies. Lessons learned and experience gained last year
made it possible to begin this year's activities with a
methodology already in place. Activities in FY 1989 were
systematically conducted to ensure the determination
of cause and effect of study results. Controlled trades
and parametrics were particularly emphasized, so that
causes and alternatives for major obstacles and special
opportunities could be evaluated. In addition to refin-
ing last year's cases, new case studies were initiated.

Continue Building Exploration Team Capability. The

core exploration study team is in place and working
effectively. The continued growth of this in-house sys-

tems engineering capability at the NASA field centers is

of primary importance. In addition, it must be ensured
that the maximum amount of innovation is extracted

from external participants and injected into the study

process.

2.1.2 Stud.v_Tr._m

The NASA Exploration Study Team is presented in fig-
ure 2.1-1. The "Level" designation refers to activities
and/or functions performed (as defined on the figure),

not necessarily the geographic location of the person-

nel. Detailed descriptions of the Level I and Opportu-
nity Assessment Agent activities and responsibilities are

presented in the OEXP Exploration Management Plan.
The Level II and III activities are defined below.

At Level II is the Mission Analysis and Systems Engi-
neering (MASE) function. MASE is the top-level archi-

tect for case study development and definition, integra-
tor of the focused case studies, and system engineer for

the emerging case studies and controlled trade studies.
MASE tasks include:

a. Case study development and definition

b. Requirements integration and results synthesis

c. Accommodation of science payloads and other
opportunities as defined by the opportunities deft-
nitionprocess

d. Incorporationofspecialassessmentresults

e. Costunderstanding/methodology

f. In-spaceoperationsanalysis
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Figure 2.1-1.- NASA exploration study team.

Also at Level II are the Special Assessment Agents
(SAAs), who perform discipline-related studies relevant
to technological, operational, or programmatic needs as
defined in the case study development process. The
studies are related to Integration Agent activities (de-
scribed below) in that a specific discipline area is identi-
fied in a study domain. The SAA focuses the discipline

area to provide benefit, risk, and potential implementa-
tion details. The SAA is loosely coupled with the in-

line day-to-day scenario development activity so that:
(1) results from the SAA studies are periodically re-

viewed for potential incorporation into baseline scenario
development activity, and (2) assignments to the SAA
are periodically made based upon findings, problems,
and/or issues arising from scenario development activ-
ity. Otherwise, the SAAs have significant latitude in pur-
suing their objectives. This year's special assessments
were conducted in the areas of power, propulsion, life

support, and automation and robotics. The results of
these assessments are provided in sections 6.1, 6.2, 6.3,
and 6.4 of this volume.

Level III consists of the Integration Agents (IAs), who

perform system concept studies and trades and develop

configurations, requirements, and implementation plans.
These activities are functional assignments to NASA

Centers that require the collection of inputs from one or
more organizations that contribute subsets of the assign-
ment or provide special assessment products. The IA is
responsible for bringing together the team of contribut-
ing organizations within the assignment constraints
imposed by OEXP. IA tasks and responsible organiza-
tions are provided in table 2.1-I.

2.13 Study Process

To accomplish OEXP objectives, a study process was
developed that begins with the yearly articulation by
OEXP of guidelines and ground rules for human explo-
ration studies. This activity defines a framework of ini-
tial concepts within which alternative strategies can be
formulated and explored.

The study process began with the release by Level I
OEXP of the Exploration Requirements Document.
Taking direction from Level I, a baseline Study Require-
ments Document (SRD) was prepared and released by

MASE. This activity initiated the case study develop-

2-2
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TABLE 2.1-I.- INTEGRATION AGENTS AND

RESPONSIBLE ORGANIZATIONS

Space Transportation Systems -- Marshall Space Flight
Center (MSFC)

a. Configuration definition and integration
b. Integrated transfer vehicle configuration analysis
c. Vehicle element definitions and trades

d. Vehicle element descriptions

Planetary Surface Systems -- Johnson Space Center (JSC)

a. Requirements collection and synthesis

b. Surface systems definition and analysis
c. Surface transportation
d. Surface systems descriptions

Nodes and Space Station Freedom Accommodation --
Langley Research Center (LaRC)

a. Node requirements collection and synthesis
b. Node integrated analysis
c. Assembly and turnaround integrated assessment
d. Propellant depot definition/analysis support

(LeRC)

e. Node element descriptions

ment/validation phase, an iterative process based upon

a series of internal trades involving MASE and the study
agents. Closure on the case studies development was

signalled by the release of a draft SRD, which included

the preparation of a preliminary opportunities defini-

tion. The study agents then had 6 to 8 weeks for analy-

sis based upon this draft SRD.

At Cycle 1 Review, all aspects of the program were re-

viewed, and any redirections to the study effort were
made. Using inputs from the review, the final SRD was

released. This activity initiated Cycle 2. Cycle 2 includes
a more detailed analysis of focused case studies, includ-

ing opportunity analysis and accommodation studies

based upon the prior opportunities definition work. A

Cycle 2 mid-term was scheduled to review progress. The

final month of Cycle 2 was reserved for synthesis activi-

ties in preparation for Administrator briefings and final

report writing.

Running concurrently with the Cycle 1 and 2 focused

case study activities are the independent investigations

and program support activities shown in figure 2.1-1.

Although these activities were somewhat autonomous
to the mainline studies, their results were reviewed and

incorporated into the studies, if appropriate, at Cycle 1
Review.

FY 1989 Exploration Studies began in early November

1988 at a strategic planning workshop held in Wil-

2-3

Section 2, Introduction

liamsburg, Virginia, where white papers for proposed

FY 1989 case studies were reviewed. Following this

meeting, the MASE organization spent the next several

weeks developing detailed requirements against which
the agents were to develop their implementations. In

parallel with the MASE requirement definition period,

the IAs, SAAs, and NASA program offices began a top-
level implementation activity, working within the white

paper guidelines. Working Group Week 1 was held in

December 1988 to review requirements and agent study
plans and implementations to date.

A draft SRD was released by MASE on January 20,1989,

to the IAs, SAAs, and NASA program offices for com-

ment and review. Working Group Week 2 was held at

the end of February to finalize the study requirements

for FY 1989. The baseline SRD was released in early

March, signalling the beginning of Cycle 2. During Cycle

2, the exploration agents conducted detailed implemen-

tations within the guidelines specified by the SRD, with

a mid-term review at Working Group Week 3 in late

April. The exploration community's critique of the

Agents' implementations at Working Group Week 3 led

to several changes in the case studies and the require-
ments. This was an iterative procedure that continued

through the end of the year; however, no formal update

to the SRD was released. Therefore, the integrated ref-

erence missions for each focused study reported in this

volume do not necessarily correspond one-to-on(_ with
the March SRD,

The exploration agents presented their final implemen-

tation plans to MASE on June 2,1989. This initiated the

MASE integration and synthesis activity, which contin-

ued until mid-July. During the synthesis activity, MASE

integrated these implementation plans into an integrated

reference mission for each focused case study. At Work-

ing Group Week 4, conducted July 12-14, MASE pre-

sented the synthesized focused case study results to the

exploration study team for their critique. Based upon

comments received at Working Group Week 4, MASE

conducted another iteration in the synthesis process to

arrive at the integrated missions reported in this vol-

ume. Following that, the annual report writing activity

was initiated, culminating in the production of this vol-
ume.

2.2 CASE STUDY PROCESS

The examination of exploration options is executed

through a case study process. The process develops top-

level definitions of systems that implement one or more

exploration strategies and accommodate the associated

requirements within the framework of national space

exploration goals. The process consists of iterative study

phases, as illustrated by figure 2.2-1.
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Exploration
goals and objectives Pathway I

options

I Mission and system
requirements

• Function allocation
• Performance parameters
• Environments

Element /concepts

User requirements

Program
accommodations

--Space transportation concepts
--Surface systems concepts
--Orbital node concepts

--Advanced technology
--Humans in space
--Space Station Freedom evolution
--ETO transportation
--Robotic missions
--Communications

User
community

Case study characteristics
• Architectures

• Logistics: mass and people
• Supporting programs

%,..

Figure 2.2-1.- Case

The first phase addresses conceptual mission analysis
and associated broad trades. During this period, mis-

sion requirements are defined that meet the exploration

goals and objectives and user requirements. The mis-
sion requirements specify performance parameters for

systems defined by this study, identify environments in
which the conceptual systems must operate to meet the

specified requirements, and point toward the broad trade
areas. The technical options available within each trade

area are analyzed for their relative benefit. These trades

identify the system concept options and elements that
outline the case study.

The second phase of the case study process, system
engineering, encompasses system-level studies and

syntheses using the results of the previous phase. Three
domains of interest were identified as significant study

areas: space transportation systems, planetary surface
systems, and orbital nodes, all of which are, in general,

programmatically independent and can be addressed
initially as functionally independent. A definition of each

study methodology.

system was incorporated into the mission-specific case
studies.

The third phase comprises a synthesis of the system-level
studies, in which system requirements assumptions

provide a basis for defining configuration options, and
system-level trade studies identify the parametric cost,
performance, and risk. The results also establish a pre-
liminary system concept and a reference configuration
that is used to refine the study through several itera-
tions. Where unique science and/or technology needs
such as the implementation of nuclear spacecraft pro-
pulsion, were identified, special studies or assessments
were made to identify strategies to accommodate those
needs. The refined case studies, associated requirements,
and relative benefits become the knowledge base of

exploration path sensitivities. The base will be used to
define the exploration initiative options, benefits, and
risks that will support the selection and subsequent de-
cision.

Figure 2.2-2 summarizes the FY 1989 case study devel-

opment schedule.
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Figure 2.2-2.- Case study development schedule.

2.3 SCIENCE/USER COMMUNITY INTERACTION

At the request of OEXP, a team of NASA Center Explo-

ration Program .Scientists generated a draft report on

Science Opportunities for Human Exploration. A sec-

ond group of scientists, the Exploration Science Work-

ing Group (EXSWG), reviewed this report, and it was

published as the Exploration Opportunities Document
(EOD). The EOD was distributed to two science strat-

egy working groups: one at Ames Research Center for

Mars science, and the other at Johnson Space Center for

lunar science. These working groups examined the sci-

ence opportunities and molded them into coherent, in-

tegrated sdence strategies for lunar and Mars explora-

tion options. These science programs were not limited

by the MASE focused case study constraints, but were

developed with consideration of the broad context of

the Moon-to-Mars exploration objectives. Included in

the science program development were site selections

for exploration, sampling, study, and instrument deploy-

merit; sequencing of different parts of the scientific re-

search; and a science rationale for the program; i.e., what
research, experiment, or field work is done where, when,

and why. Precursor activities were also discussed by

the sdence strategy groups.
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JPL's Opportunity Analysis Group works to provide

engineering specifications and equipment and delivery

options for the instrumentation constituting the science

payloads for the integrated science program. The list of
instruments that JPL characterizes is not limited to the

science payloads evolving from the JSC/ARC-Ied efforts,

and will contain a wider selection of science equipment

that is most of, but not necessarily all, the instrumention

proposed in the EOD.

Based on the engineering and technology opportunities
of the mission scenarios, MASE then worked to accom-

modate the science payloads proposed by the JSC/ARC

integrated science program and rationale. MASE parti-
tioned the payloads into mission phases defined by the

scenario, using the science strategy group's product to

accommodate the highest priority research. MASE's

overriding objective was to accommodate the optimal

mix of high-priority human and unmanned scientific

research options for each phase of the missions.

2.4 ANNUAL REPORTING

The study process culminates in the production of an

annual report in seven volumes, as shown in figure

2.4-1. Volume 0, "Journey into Tomorrow," contains a
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Figure 2.4-1.- FY 1989 Annual Report.

high-level technical and programmatic summary of the

year's effort. Volumes I through VI document in detail
the technical studies conducted in FY 1989.

The contents of Volume I, contained herein, are described

below. Volumes II, III, and IV describe the vehicles and

systems, controlled trades, and synthesis activities con-

ducted by the Integration Agents in Space Transporta-

tion Systems, Planetary Surface Systems, and Nodes and

Space Station Freedom Accommodations respectively.
Volume V describes the year's technology assessment

activity, and Volume VI is a collection of Special Reports,

Studies, and In-Depth Systems Assessment.

This volume, Mission and Integrated Systems, contains

the results of the total MASE synthesis and analysis for

FY 1989. The detailed technical material begins with
section 3, Human Exploration Case Studies, which
summarizes the three FY 1989 case studies: Lunar Evo-

lution, Mars Evolution, and Mars Expedition. For each

case study, this section describes the reference mission

and associated science opportunities and objectives,

transportation systems, orbital node systems, and plane-

tary surface systems. The reference mission descriptions

include the synthesized results of the IA inputs. (Vol-
umes II, III, IV, and V are the databases from which the

Volume I integrated mission results are drawn, and these

volumes, therefore, contain much more detail, along with

important trade study results.)

The NASA Headquarters program office implementa-

tions are contained in sections 4 and 5, Supporting In-

frastructure and Preparatory Programs respectively.

Section 6 is a summary of the four SAA studies and
assessments and the three internal MASE controlled

trade studies. The analyses conducted by MASE for

emerging case studies are also included in this section.

Section 7 discusses overall study conclusions.

In the course of the detailed definition and assessment

of the case studies, a significant level of understanding

has been gained, regarding both specific case studies and

human exploration missions in general. These topics,

as well as other results of the FY 1989 study activity, are
summarized in this volume.

¥
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SECTION 3

Human Exploration Case
Studies

This section discusses the three focused case studies

selected for investigation during FY 1989: (1) Lunar
Evolution, (2) Mars Evolution, and (3) Mars Expedition.
These three case studies are described in sections 3.1

through 3.3, which also outline the synthesized results
prepared by the Mission Analysis and Systems Engi-
neering (MASE) team, based on FY 1989 inputs and
analyses from the Transportation, Orbital Node, and
Planetary Surface System Integration Agents (IAs). Con-
sideration was also given to the alternatives identified
by the Special Assessment Agents (SAAs).

Sections 3.X.1 and 3.X.2 describe the key features and
science opportunities and strategy for each case study.
Sections 3.X.3, 3.X.4, and 3.X.5 detail the element con-

cepts and configurations that fall within each IA's

domain. These sections also include a description of the
baseline program, any required technology advances
identified within the area, and alternative approaches
that were developed in the course of the investigation.
The material in these sections reflects the baseline case

studies defined in the Exploration Requirements Docu-
ment (ERD) and the Study Requirements Document
(SRD). Section 3.X.6 contains the synthesized mission
manifest. Section 3.4 summarizes the case studies.

3.1 LUNAR EVOLUTION CASE STUDY

The objective of the Lunar Evolution case study is to

establish a permanent, manned lunar outpost, which
supports significant science objectives and serves as a

test-bed and stepping-stone for further human explora-
tion of the solar system. The primary emphasis is to

gain experience in living and working on another plane-
tary body for extended periods of time. Significant test
programs are conducted on the Moon to validate the
systems and operational concepts required for future
exploration missions. In addition, the outpost develops
a high measure of self-sufficiency, in terms of both lo-
gistical support and operations, to allow future explora-
tion initiatives to be undertaken within a steady level of
national investment.

3.1.1 Key Features

Key features of this case study include:

a. First piloted flight to the Moon in 2004.

b. Vehicles are expended for the first 2 years.

Section3, HumanExplorationCaseStudies

C. Vehicles are serviced at Space Station Freedom and
on the lunar surface beginning 2 years after the first
flights to the Moon.

d. Significant science research capability is provided.

e. Initial number of crew is four, increasing to 12 in
2012.

f. Aerobraking is employed on Earth return.

g. Chemical propulsion is utilized.

h. Propellant (lunar oxygen) production on the lunar
surface begins in 2012.

i. Earth-Moon trajectories employ free abort.

3.1.1.1 Phases of Development

The lunar outpost is established through three evo-
lutionary phases of development: (1) emplacement,
(2) consolidation, and (3) utilization. These three phases
are summarized in figure 3.1.1-1, and described below.

Emplacement Phase. The objective of this phase is to es-
tablish a permanent human presence on the Moon and
begin developing a knowledge base of how to live and
work on a nonterrestrial body. Emphasis focuses on
emplacing equipment and instruments on the lunar
surface and laying the foundation for later, more com-
plex surface operations. Human operations are re-
stricted to a local region about the outpost (tens of kms).
The Earth-Moon transportation infrastructure is em-
placed, and preparations are made to reuse the trans-
portation vehicles and service them at Space Station
Freedom and on the lunar surface.

Consolidation Pha_. During this phase, human presence

on the Moon increases, and operational experience on a
nonterrestrial body continues to expand. Emphasis shifts

to constructing surface systems, providing large pres-
surized volumes, setting up more complex scientific

instruments and laboratories, and testing and develop-
ing systems and prototypes to be used in further plane-
tary exploration. Human operations expand to a region
within hundreds of kilometers of the outpost. Reduc-
ing the resupply from Earth is of paramount importance

for both making resources available for further explora-
tion and developing confidence in operational strategies
and element subsystems needed for future exploration.
This reduction is accomplished by (1) providing the lunar
outpost with more efficient and reliable systems for life
support and operations, and (2) testing prototype in situ
resource production plants prior to their full implemen-
tation in the utilization phase. Lunar outpost independ-
ence is also enhanced by performing day-to-day activi-
ties in the absence of continual supervision and guid-
ance from support staff on Earth. The Earth-Moon trans-
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Figure 3.1.1-1.- Lunar outpost development phases.
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portation infrastructure also is expanded during this
phase, as confidence is established in both reusing the
vehicles and servicing them at Space Station Freedom
and on the lunar surface.

Utilization Phase. The objectives of this phase are to use
in situ resources and to continue to expand experience
in outpost habitation and operation. Emphasis shifts to
making resources available for further exploration.
Lunar oxygen production begins, and the oxygen is used
for life support and to fuel the excursion vehicles based
on the lunar surface. The territory of human operation
now includes a human-tended facility on the lunar far-
side and access to other points on the lunar surface.
Further expansion of the outpost in this phase is lim-

ited, allowing other exploration missions to begin within
a steady level of funding.

3.1.1.2 Mission Profile

The Lunar Observer spacecraft, currently planned to be
launched in 1997, will support site selection and resource

mapping of the lunar surface. For purposes of case study
analysis, a site was chosen at 0 degrees latitude and 24
degrees east longitude, just north of the crater Moltke in
the southernmost part of Mare Tranquillitatis. This site
was selected because the study constrained the outpost
to be located on the equator in order to ensure daily
access to a low-lunar parking orbit. In addition, the

hydrogen reduction of ilrnenite technique was used as
the lunar oxygen production process in the study, which
limits potential sites to those in which high ilmenite
basalts are found. Only two such areas exist on the lunar

equator: a small one in Oceanus Procellarum and a larger
one in southern Mare Tranquillitatis. The latter was

%_
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chosenbecauseofitsproximitytotheApollo11landing
site.

Installationof theinitial lunarhabitationfacilitiesbe-
ginsin late2003.From2003through2005,three piloted
missions and two unmanned cargo missions are flown
to the lunar surface. The first crew tour of duty is 30
days, during which time the crew completes the deploy-
ment and begins operation of the initial support and
habitation systems. A 6-month period of unmanned
testing and verification of the surface facilities follows.

Permanent habitation of the outpost begins in mid-2004,
when four crewmembers stay for 6 months, and the
facilities are delivered to the surface to maintain the lunar

excursion vehicle for personnel transfer. Habitation

facilities are enhanced to provide more living and pres-
surized laboratory space. The number of permanent

crew grows to eight in 2008. Crew tours of duty increase
to I year in 2005 and to 2 years in 2008. This increase
provides the opportunity to obtain valuable data in the
areas of human adaptation to reduced gravity environ-

ments and long-term isolation from Earth, human per-
fornmm_ degradation countermeasures technology, and
Earth-independent outpost operational experience.

The outpost evolution continues as the number of per-

manent crew increases to 12 in 2012, and the outpost
can support up to three lunar excursion vehicles (LEVs).

Oxygen production, initiated in 2012, provides lunar
liquid oxygen (LLOX) for the environmental control and

life support systems as well as for propellant for LEV_
Science capabilities are expanded to include large pres-
surized laboratories for life sciences research and hu-

man biomedical studies, long-range pressurized rovers
and ballistic excursion vehicles for human access to dis-

tant locations on the lunar surface, and large astronomi-
cal arrays.

The overall mission architecture is illustrated in figure
3.1.1-2. Earth-to-orbit transportation of mission cargo,
vehicles, and propellant is accomplished by a combina-
tion of Shuttle-C and Block II Shuttle-C vehicles. Large
payload shrouds are required for delivery of the reus-
able space transportation vehicles, whereas smaller

shrouds are sufficient for cargo and propellant deliver-
ies. In addition, delivery of the space transportation
vehicles to low-Earth orbit occurs less frequently, as com-
pared to cargo and propellant delivery, due to the as-
sumed 10-year mission life of the reusable space trans-
portation vehicles. A combination of Shuttle-C and Block

II Shuttle-C vehicles, instead of a larger heavy lift launch
vehicle, was chosen to provide the ETO transportation
for the Lunar Evolution case study. The Shuttle-derived
vehicles provide a suitable and efficient mix of Vehicle,

propellant, and cargo delivery while reducing the ini-

Secflo. 3, HumanEx_ora_onCaseStudies

tial development costs and reaching a balance of pay-
load size and on-orbit operations. The Shuttle-C pay-
load capability to Space Station Freedom is assumed to

be 71 t with a large-diameter payload shroud (10 m in
diameter by 30 m in length) for lunar transfer vehicle/
lunar excursion vehicle delivery. A smaller-diameter

payload shroud (4.6 m by 15 m) is used for propellant
and cargo delivery. The payload capability to Space
Station Freedom for the smaller Block II Shuttle-C is

assumed to be 61 t per flight. Six Shuttle-C launches per
year are assumed to be available for the ETO delivery
requirements. Support and mission crews are trans-
ported to Space Station Freedom and returned to Earth
by the Shuttle.

Space Station Freedom is the staging location between
Earth and the Moon for the lunar transfer vehicles

(LTVs). Payloads and propellant are stored at Freedom,
and Freedom concurrently provides the servicing facili-
ties for the LTVs. In addition, Freedom houses lunar

mission crews in transit, and provides housing for the
LTV/LEV/payload processing support personnel.

Both cargo and piloted missions use LTVs for transfer
from low-Earth orbit (LEO) to low-lunar orbit (LLO),
insertion into LLO, and return to LEO. LEVs are used

to transport cargo and crew to the lunar surface and from
the lunar surface for rendezvous with the waiting LTV.
Both vehicles are capable of being operated in an un-
manned mode. The LTVs use an aerobrake on Earth

return, arriving in an orbit from which the crew can be
retrieved and transferred to Space Station Freedom. In
addition, the translunar trajectory design permits a lu-

nar flyby and free-return abort to LEO if necessary prior
to lunar orbit insertion.

The mass that must be delivered to LEO, LLO, and the
lunar surface in support of the Lunar Evolution case

study is sununarized in figures 3.1.1-3 through 3.1.1-5.
The annual mass requirements to LEO fall within the

capacity of six Shuttle-C and two Shuttle flights for all
years except 2004, averaging 356 t per year for the first
10 years, and 180 t per year for steady-state operations.

mass requirements for 2004 can be slightly adjusted
by delivering some cargo in 2003, thereby limiting the
Shuttle-C flight rate to a maximum of six per year. This

ETO flight rate, combined with 14 Space Shuttle flights
per year (NASA's baseline launch rate), appears to be a
natural break point above which major new facilities will
be required at KSC. The number of crew and the dura-

tion of their stay are illustrated in figure 3.1.1-6, with
each block of time representing one tour of duty. The
adjusted flight rates needed to accommodate the mass
and crew requirements to LEO and LLO are illustrated

in figures 3.1.1-7 and 3.1.1-8. Major programmatic mile-
stones are shown in figure 3.1.1-9.
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3.1.2 Science Opportunities and Strate_,_

The science program described here has not received
widespread scrutiny and approval by the science com-
munity, and is intended to reflect a preliminary approach
to human lunar exploration within the specific frame-
work and mission characteristics of the Lunar Evolution

case study. The science program must still evolve
through the normal maturation process of definition,
refinement, review, and consensus within the science

community. However, some benefit was derived from
early efforts of various science strategy and oversight
groups recently established and sponsored by OEXP.
Versions of the MASE science program were made avail-
able for comments and input to OEXP, the Exploration

Science Working Group, the Center Exploration Program
Scientists, the Opportunity Analysis Group at JPL, and

the newly formed Lunar Science Strategy Group at JSC.

The appropriate balance between manned and un-
manned scientific exploration needs to be further exam-
ined. The science developed for this case study assumes

a particular mix of the two, but future scenarios need to
seriously consider what an optimal mix would actually
be.

3.1.2.1 Opportunities

The lunar environment offers unique scientific oppor-

tunities, among which are the ability to study the Moon's
current state, history, origin, and resource potential.
Lunar geological and geophysical characteristics can be
studied by conducting site surveys to collect rock, soil,
and regolith samples to determine their compositions,
distributions, and ages (dating analysis done in Earth-
based laboratories) and to study the Moon's subsurface
properties, morphology, stratigraphy, erosion phenom-
ena (micrometeorites), dust mobility, cosmic rays, and
regolith maturity.

Traverse science provides opportunities for mapping
geologic formations on the regional scale, conducting
geophysical surveys of lunar magnetic and gravitational
fields, carrying out deep and shallow seismic experi-
ments, and identifying resources and determining their
distributions. Regional traverses provide the means to

study impact cratering history, the age distribution of
craters, and the relationship of lunar catastrophic events
to mass extinctions on Earth. Regional surveys also
calibrate and validate remotely sensed lunar orbital data.

Surface stations can be emplaced to monitor seismic

activity and magnetic field variations, allow heat flow
measurements to be made, and make solar wind and

cosmic-ray measurements. Since the Moon passes
through Earth's magnetic tail, particle and fields experi-
ments can measure particle activity much more accu-

rately than any Earth-orbital or Earth-based instruments.
Surface monitoring stations can also observe the lunar
"atmosphere" and ionosphere by studying the atmos-
pheric composition and structure, its spatial and diur-
nal and long-term temporal variations, and possible at-
mospheric buildup attributed to human activity at a lu-
nar outpost.

Using the Moon as an observing platform for astronomi-
cal and other outward-looking investigations has par-

ticular advantages. Lunar characteristics, including the
absence of an atmosphere, slow rotation rate, and seis-
mic stability, provide unparalleled conditions for opti-
cal and radio astronomy. The lunar environment opens
new observing frequencies and allows the use of tech-
niques such as very long baseline interferometry. In ad-
dition, the lunar farside is naturally insulated from ra-
dio signals from Earth, and, therefore, opens a new fron-
tier for radio astronomy.

The Moon can be used as a platform for laboratories to
conduct geochemical and petrological analyses of lunar
materials in support of lunar science and of resource
evaluation. Life sciences research in a lunar laboratory

would include plant growth studies using hydroponics
and lunar soil; study of animal and human performance,
behavior, and physiology in the lunar environment; and
observation of the biological effects of low gravity, ra-
diation, and dust in a long-term lunar environment.

A physics laboratory on the Moon could study proton
decay, relativity, lunar fluid mechanics, gravity, and the
fifth force. In addition, such phenomena as Earth's mag-

netosphere can be studied not only on the lunar surface
but also in transit to and from the Moon, a category of
observations termed "cruise science." Transit times to

and from the Moon are short, about 3 days, and cruise
science would be limited to these magnetospheric stud-
ies.

A more detailed treatment of science opportunities is
included in Volume VI of the FY 1989 Exploration Stud-

ies Technical Report.

3.1.2.2 Strategy

Lunar exploration begins locally near the landing site
with traverses on foot and in unpressurized short-range

rovers. Exploration extends to regional with the intro-
duction of a pressurized rover and an instrumented un-
manned rover. With the introduction of lunar ballistic

vehicles in the utilization phase, global access to the lunar
surface is provided, and exploratory expeditions are
conducted to such sites as the lunar farside, poles, and
other areas of scientific or resource interest.

Concurrent with the buildup of exploration range is the
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progressive buildup of overall science capability. This
buildup is moderated by mass limitations to the lunar

surface from LEO, and is a function of the increasing
availability of pressurized space that can be dedicated

to laboratory use. Laboratory space is limited in the em-

placement phase to the first habitation module and a

dedicated science laboratory trailer. A geochemistry/
petrology laboratory is initially emplaced in the trailer,

providing an early analytical capability that can be used

both for general rock and mineral analyses and for lu-
nar resource evaluation.

During the consolidation phase, the second habitation

facility is constructed with ample space to expand the

geochemistry/petrology laboratory into a fairly com-

prehensive analytical capability. Laboratory space now
provides for comprehensive life sciences research, intro-

ducing plant growth and microbial experiments as well

as more sophisticated studies of animal behavior and

human adaptations to the lunar environment.

Section3,H_ F.xplomtionCase_,tud/es

Significant astronomical capability is gained, again grow-

ing gradually from a modest collection of optical and

radio telescopes to a comprehensive collection of tele-
scopes on the nearside and a low-frequency radio array

deployed on the farside during the utilization phase,

when ballistic expeditions are feasible.

A candidate mission for further exploration during the

utilization phase would be a ballistic manned mission

to the lunar polar areas for reconnaissance, geologic and

geophysical exploration, and the search for the possible

existence of water. A typical science payload for such a

mission would include geologic exploration equipment,

a rover equipped with an electromagnetic sounder, a

geophysical station, and one or several monitoring tele-

scopes.

Figures 3.1.2-1, 3.1.2-2, and 3.1.2-3 present a more de-

tailed treatment of the specific science strategies and

objectives, and list the science payloads for each of the

Science strategy and obj_ctives

2010 2ols 2020

• Localexplorationofnearsideoutpost
• Nearsideteleoperatedregionalexploration
• Pressurizedlaboratorycapabilities
• Geology:Compositionof rocks/regolith

Localgeomorphology
Resourcelocationanddistribution
Craterhistory

• Geochemisb'y:Laboratorycapabilities
• Geophysics:Subsurfaceandsurfacedeepandshallowstructure

(engineeringandscience)
Seismic/ty,heat flow,magnetics,gravity,atmosphericvolatiles

• Astronomy:Op_cal,radiointerferometry
Solarflaremonitoring
Eadhobservations

• Lifesciences:HumanadaptationIolunarenvironment

Vehicle availability

• Truck

• Unprassurized manned rover at outpoE

• Pressurized utility vehicle

(100krnrange)
• InstrumentedtelsoperatB<lrover

Science payload

• Geologicexplorationequipment
• Petrographicand Nnocularmicroscopes,thinsectionmaker
• Scanningelectronmicroscope/elech'ondispersiveX-ray
• Gaschromatograph/massspectrometer
• Remnantmagnetism instruments
• Visible/IRCCD imager(camera)
• Soilpenetromator
• Portablegeophys_.altraversepackage

Activeseismicarray,magnetometer,gravimetor,electromagneticsounder
• Geophysicalstation
• Laser retroreflecto¢

• Solar and monitoring telescopes

• Opticaltelescope(first,metor-class)
• Moon-Earth radio intederometer

• Earth observing instruments

Earth's magnetosphere experiment

Cosmicray detector,solar windexperiment
• Particlesandfieldsinstruments

• Biomedicallaboratoryinstruments

Figure 3.1.2-1.- Lunar science scenario: emplacement phase.
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Consolidation

Science strategy and objectives

• Exploration range expended to
"regional" (1,000 km)

• Astronomy: Expand optical
add UV, IR, x-ray and
gamma-ray telescopes

Science payload

• Geologic exploration equipment

• Portable geophysical traverse package

• Optical telescope (second and third,
meter-class)

• UV, IR, x-ray and gamma-ray telescopes

Vehicle availability

• Unpressurized manned
rovers at outpost

• Instrumented teleoperated
rover

• Pressudzed utility vehicle #2
(1,000 km range)

Fisure 3.1.2-2.- Lunar science scenario: consolidation phase.
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Science strategy and objectives
Nearside

Vehicle availability

• Unl ssurized manned rovers at
outrx_t

• Pressurized manned utilityvehicle
( )00 kin)

• _ented teleoperated rover
• ballistic vehicle
• Farside unpressudzed manned rover

• Life sciences capabilities expanded -
plant/animal/microba experiments

• Continue geology/geophyslcal exploration

Farside

• Ballistic reconnaissance expedition to lunar farside
• Local geology and geophysics
• Deploy farside geophysical station
• Low frequency radio array constructed
• Monitoring astronomy

Science payload
Nearside

• Portable geophysics
traverse package

• Plant/animal/microbe
laboratory Instruments

Farside reconnaissance package

• Geologic exploration equipment

• Portable geophysics traverse
package

• Geophysical station

• Low frequency radio array
(wire antenna type)

• Monitoring telescopes

Figure 3.1.2-3.- Lunar science scenario: utilization phase.
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three phases of the case study. Each phase has specific
science objectives, a strategy to accomplish the objectives,
and an associated payload to carry out the observations.

The science payload for the Lunar Evolution case study
is accommodated by phasing the delivery of the instru-
ments to the lunar surface over several flights within
each of the outpost phases.

3.1.3 Transportation Systems

The transportation system for the Lunar Evolution case
study consists of two classes of vehicles: (1) the lunar

transfer vehicle (LTV), used to transfer personnel and/
or cargo between LEO and LLO, and (2) the lunar ex-

cursion vehicle (LEV), used to transfer personnel and/
or cargo between LLO and the lunar surface. Personnel

vehicles, which can accommodate up to eight crewrnem-
bers, are designated LTV-P or LEV-P, whereas cargo
vehicles are designated LTV-C or LEV-C. All vehicles
are designed to be reusable with the LTVs based and
serviced at Space Station Freedom and the LEVs based

and serviced on the lunar surface at the outpost. The
vehicles have an assumed reuse lifetime of 10 missions.

3.1.3.1 Elements and Systems

An important design concept of this case study was the
extensive use of vehicle commonality. Common LEVs
that can be used for either a pure cargo mission or a com-
bined personnel and cargo mission keep the lunar out-
post overhead to a minimum. A single vehicle design

requires a smaller inventory of spare parts, fewer sys-
tems for the crew to understand, and the ability to inter-
change vehicle parts. Also, a common design eliminates
the need for separate backup vehicles for personnel or
cargo missions, thus minimizing the number of LEVs
on the lunar surface and providing inherent redundancy
and mission safety. Commonality of LTVs has the same
effects at Space Station Freedom.

The LTV uses liquid oxygen and liquid hydrogen pro-
pellants. A large foldable aerobrake on the L'rv allows

S_'tion3, HumanExpl_alton CaseStudies

The LEV uses the same engines and propellants as the
LTV. The engines on the LEV employ a smaller nozzle
than their LTV counterparts, which results in a lower
engine specific impulse. However, the smaller nozzle

allows the LEV to have short landing legs and reduced
dry mass. When an LEV is used for a cargo mission,
only unmanned payloads are loaded onto the LEV and

delivered to the lunar surface. For a personnel mission,
a crew module is attached to the LEV, and both crew
and payloads are delivered to the lunar surface. These
LTV and LEV configurations are shown in figure 3.1.3-
1.

The payload delivered and propellant used by each
vehicle depends on the operational mode of the vehicle.
Table 3.1.3-I summarizes the payload and propellant
loadings for the urvs and LEVs during each mission
phase, and the following paragraphs describe their
operational use.

Although the LTVs and LEVs are designed to be reus-
able and space-based, there is currently no experience
in servicing vehicles in space. Therefore, the initial three
LTVs and three LEVs used for the emplacement phase
are not planned for reuse; instead, they are expended
and used as test-beds to better understand what types
of servicing will be required and how this servicing will
be done. As operational and maintenance experience is
gained, vehicles can gradually be reused to greater
degrees until they become totally reusable.

During these initial flights, a typical cargo mission
consists of an LTV-C departing LEO with a fully loaded
and fueled LEV-C as payload. Once in LLO, the LEV-C
separates from the LTV-C and descends to the lunar

surface. When the cargo vehicles are operated in an
expendable mode, the LTV-C is left in LLO for a subse-
quent controlled deorbit to the lunar surface; the LEV-C
is left on the lunar surface. Since the LTV-C does not
return to LEO, an aerobrake and return fuel are not

required, thereby increasing the payload capacity of the
vehicle. Similarly, since the LEV-C only descends to the

lunar surface, no ascent propellant is required, and the
the returning vehicle to use Earth's atmosphere for or- mass of this return propellant is substituted for by pay-
bit capture in LEO, thus reducing the total propellant load.
required for a lunar mission. Since the aerobrake is fold-
able, it requires no on-orbit assembly at Freedom. When
an LTV is used for a cargo mission, only unmanned
payloads are loaded onto the LTV and delivered to lu-
nar orbit for transfer to the LEV and subsequent deliv-
ery to the lunar surface. When an LTV is used for a
personnel mission, a 9 t crew module is attached to the
LTV, and both crew and payloads are delivered to LLO.
The module is an ablative, Apollo-style design capable
of Earth entry and a soft landing. This design provides
a redundant capability for Earth return of the crew in
the event of an aerobrake failure.

The personnel missions during the emplacement phase
(see figure 3.1.3-2) utilize an LTV-P departing LEO with
a fully loaded and fueled LEV-P as payload. Once in
LLO, the LEV-P separates from the LTV-P and descends

to the lunar surface. After the crew have completed their
mission on the lunar surface, the LEV-P lifts off from
the lunar surface to rendezvous with the LTV-P in LLO.

When the personnel vehicles are operated in an expend-
able mode, the LEV-P descends to the lunar surface af-

ter the crew has transferred to the LTV-P, and the LTV-

P is expended in LEO after returning the crew to Free-
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Lunar transfer vehicle _LTV_

Dry rna.: 18.7 t
Prop_lant capacity: 150 t
Propellants: LOX/LH 2
O/F Ratio: 6:1

Engines: 4 ASE
Thrust: 206.9 kN

lip: 481 ssc,

Pilomd (LTV-P)

Dry mass: 9.7 t

Propellant capacity: 150 t
PropelLants: LOX/LH 2
04: ra_o: 6:1

Engines: 4 ASE
Thrust: 2q_.9 kN

Isp: 481 ssc.

Lunar excursion vehicle tLEV_

Rioted (LEV-P)

Dry mass: 6.4 t

Propellant capacity: 25 t
Propellants: LOX/I-H2
O/F mlio: 6:1

Engines: 4 ASE
Thrust 268.9 kN

Isp: 465 m_

Cargo (LW-C) Cargo (LEV-C)

Figure 3.1.3-1.- Lunar Evolution vehicle configurations.
ii i i|

Dry mass: 3.4 t
Propellant capacity: 25 t

Propellants: LOXA.H 2
O/F Ra_o: 8:1

Engines: 4 ASE
Thrust: 288.9 kN

I1,@:465 ss¢.

TABLE 3.1.3-I.- LUNAR EVOLUTION VEHICLE LOADINGS

V_

Mission

Initial

cargo mission
(no aerobrake
on LTV)

Consolidation

phase ea,-'8o
misson

Ut_zatton phase

cargo mission
usL-_ LLOX
LEVs

Velddes

_ed

1 LTV-C

1 LEV-C

1 LTV-C

1 LEV-C

1 L'FV-C
2 LEV-Cs

Initial

l:_monne 1 1 LTV-P
1 LEV-P

mi,.,qon

Consolidation 1 LTV-P

phase personnel 1 LFV-P
mist, on

Utilization phase

personnel mission

LLOX in
LEVs

1 LTV-P

1 LEV-P
1 LEV-C

Operational mode Vehicle dry mass (t)

LTV I LEV LTV i LEV

Exp_d,,d F.,,p_ded
in LLO on lunar 7.8

surface

Lunar

LEO Imsed surface 9.7

based

Lunar

LEO based sm_aoe

based

9.7

Expended Expended
in LEO inLLO 18.7

Lunar

LEO based s_rface 18.7
based

L_

LF.D based surface
based

18.7

amount (t))
LTV LEV

3.4 Earth: 124.1 Ea.,'th: 24.2

3.4 Earth: 125.8 _ 24.9

P_" LEV-C: Earth: 106.8
3.4

6.4 Earth:146.6 Earth: 24.8

6.4 Earth: 135.7 Earth: 24.8

Earth: 124.8

L.EV-P :

6.4

.LEV_

3.4

Payload carded (t)

LTV [ LEV

64.6 37.0

57.9 33.0

Per LEV-C: Per

Moon: 20.4 (LLOX) 46.8 LEV-C:
Earth: 3.40.J-I2) 20.0

LEV-P :

Moon: 21.2 (LLOX)

Earth: 3.5 (LH2)

Mooni 20.4 (LLOX)

Earth:3.4 (IJ-12)

54.7 235

48.5 23.7

LEV-P

15.2

42.1

LEV-C :

20.0
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Crew oulbound Y

(Crew + wetLEV-P + payload)

Lunar |
Lunar excursion Bla _=_

_transfer vehicle _ [] [] |

i:
At.

Figure 3.1.3-2.- Personnel mission during emplacement phase.

dom. On the first personnel mission, the LTV-P remains
in LLO for the 30 days the crew is on the lunar surface.
On the second personnel mission, once the LEV-P sepa-
rates from the LTV-P and descends to the lunar surface,
the LTV-P returns unmanned to LEO where it is ex-

pended by functioning as a reusability test-bed. After
the &month crew stay, the LEV-P returns the crew to
LLO where they rendezvous with a third personnel
mission arriving from LEO. The second LEV-P is ex-
pended in LLO, while the third LEV-P (the first consoli-
dation phase mission) descends to the lunar surface with
a new crew. The third LTV-P returns the (last emplace-
ment phase) 6-month lunar outpost crew to LEO. A
cargo mission during this phase is similar except that
the LEV-C is expended on the lunar surface and the LTV-
C is expended in LLO.

As experience is gained in servicing vehicles in space
and confidence is achieved in using vehicles for mul-
tiple missions, an operational transition occurs in which
the expended missions are replaced by fully reusable
missions. These missions are characterized by basing
and servicing the LTVs at Space Station Freedom and
the LEVs on the lunar surface. To conduct these mis-

sions, the necessary launch/landing and servicing fa-
cilities must be in place and operational at Freedom and
the lunar outpost.

During the consolidation phase, reusable vehicles are
used for both cargo and personnel missions. For a cargo
mission, an LTV-C launched from LEO will rendezvous
in LLO with an LEV-C launched from the lunar surface.

After rendezvous, payloads and propellant are trans-
ferred from the LTV-C to the LEV-C. The LEV-C then

descends to the lunar surface, and the LTV-C returns to
Space Station Freedom. The vehicles are then serviced
and prepared for the next mission.

A personnel mission during the consolidation phase is
illustrated in figure 3.1.3-3. Personnel missions consist
of an LTV-P, which is launched from LEO to rendez-
vous in LLO with an LEV-P launched from the lunar

surface. After rendezvous, crew, payloads, and propel-
lant are transferred. The LTV-P delivers crew and pay-
loads for the LEV-P and the propellant required by the
LEV-P to take the crew and payloads to the lunar sur-
face and return the crew to LLO.

As the outpost continues to evolve and expand, lunar

resource utilization becomes an integral part of its capa-
bilities. Part of this expansion includes producing oxy-
gen on the lunar surface from indigenous lunar re-
sources. This lunar liquid oxygen (LLOX) is then used
as the oxidizer for the LEVs as well as the oxygen sup-
ply for the life support system. Since the LEVs are using
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Figure 3.1.3-3.- Personnel mission during consolidation phase.

LLOX, the LTVs can use their propellant capacity to de-
liver two LEV payloads from LEO, effectively cutting
the LTV flight rate in half. Since no hydrogen is being

produced on the lunar surface, the LTVs must still de-
liver Earth-supplied hydrogen required by the LEVs.

A mission in which LLOX is an integral part (figure 3.1.3-
4) consists of an LTV-P launched from LEO to rendez-
vous in LLO with both an LEV-P and an LEV-C launched
from the lunar surface. After this rendezvous, transfer

of crew, payloads, and Earth-supplied hydrogen takes
place. In addition to crew and payload, the LTV-P pro-
vides enough hydrogen to the LEV-P to deliver the crew
and payload to the lunar surface and return the crew to

LLO. The LTV-P also provides payload and the hydro-
gen required by the LEV-C to deliver its payload to the
lunar surface and return to LLO empty. A cargo mis-
sion during this phase would be similar to the LTV-P
mission; i.e., an LTV-C would rendezvous in LLO with
two LEV-Cs.

3.1.3.2 Enabling Technology

The vehicle designs used in this case study rely on key

technologies that must be developed, tested, and proven
acceptable. The LTV design depends on currently un-

proven aerobraking technology for capture into LEO.
The aerobrake is a lightweight, flexible/ceramic design
consisting of a fixed ceramic tile central disk and an outer
annulus of deployable ceramic cloth supported by ribs.
In addition, all vehicle concepts use advanced chemical
propulsion systems with Advanced Space Engines and
low boiloff cryogenic propellant tanks. Also, vehicles
are assumed to be based and serviced at Space Station
Freedom and on the lunar surface. (For this case study,
the term "serviced" refers only to maintaining a vehicle's
state of health, which includes keeping avionics at proper
temperatures, minimizing propellant boiloff, perform-
ing minor repairs, and protecting the vehicles from the
local environment). Vehicles are assumed to be reliable

enough to be used for 10 missions before replacement
becomes necessary.

Vehicle rendezvous, docking, and transfer operations
require several advances in technology. For cargo mis-
sions, the rendezvous, docking, and transfer operations
in LLO occur without humans in the local vicinity, which
implies either autonomous or teleoperated maneuvers.

For personnel missions, the rendezvous, docking, and
transfer operations in LLO occur without any crew EVA.
For all missions, the transfer of cryogenic propellants
occurs in LEO, LLO, and on the lunar surface.
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_ (Crew + LH 2 +
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Lur_l"
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Figure 3.1.3-4.- Personnel mission with LLOX being used in lunar excursion vehicles.

3.1.3.3 System Alternatives

An important trade conducted during this case study
addressed the sizing of the LTVs. The demands on the

Earth-Moon transportation system evolve as the outpost

itself evolves from the emplacement phase through the

utilization phase. Early in the emplacement phase, all

LTVs and LEVs are expended, which places the burden

on the LTV to transport an LEV, along with its propel-

lant and cargo, to LLO for each mission. Conversely,

during the utilization phase, when LLOX is available for

fueling the reusable LEVs, the LTV only delivers the

LEV's cargo and hydrogen to LLO for each mission.

Thus, the LTV's payload to LLO during the utilization

phase is only half that required for the emplacement
phase flights or for any mission in which an LEV needs

to be delivered to LLO. The LTV design alternatives

studied were sizing the LTVs for the utilization phase,

when LEVs are using LLOX, versus sizing the LTV for

the initial flights of the emplacement phase. Figure 3.1.3-
5 illustrates three sizing approaches and the issues asso-
ciated with each.

For the caravan and staging sizing approaches, the LTVs

were designed to deliver to LLO one LEV payload and

enough hydrogen for one LEV mission. Although this

approach results in one LTV and one LEV flight per

mission for the utilization phase, the limited payload

mass capabilities of the LTVs dictate that two LTVs be

used to deliver a fully loaded and fueled LEV during

the initial flights of the emplacement phase. Also, dur-

ing the remainder of the emplacement phase and

throughout the consolidation phase, two LTVs are still

required to deliver one LEV payload and enough LEV

propellant (oxygen and hydrogen) for one LEV mission.

Thus, the majority of the missions during this case study

would have a 2:1 LTV to LEV flight ratio per mission.
As shown in figure 3.1.3-5, these missions can be accom-

plished using either a caravan or staging option. In the

caravan mode, one LTV would deliver the cargo and
LEV hydrogen to LLO, where it would rendezvous with
a second LTV, which had carried out the LEV fueled with

oxygen. In this mode, the two LTV flights would de-

part LEO separately. The staging option uses two LTVs,

serially staged, to deliver the LEV with its fuel and cargo
to LLO. The basic problem with the small LTV in either

the caravan or staging option is that it places the most
difficult operational demands on the Earth-Moon trans-

portation infrastructure at the beginning of the outpost's

development, when little or no experience exists. Com-

plex autonomous rendezvous, docking, and payload
transfer operations must occur on the first lunar mis-

sion with the caravan option, whereas simultaneous

processing of two LTVs per lunar mission is necessary

for both caravan and staging options. Thus, the small

LTV sizing option greatly impacts the activity level and
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Caravan

• Issues during initial flights

Caravan

Complicated initial operations
2:1 L'I'V / LEV ratio
Vehicle processing doubled
Early autonomous rendezvous
Early autonomous payload transfer
Small diameter aerobrake

• Issues during utilization phase

Caravan

Simplified utilization phase
1:1 LTV / LEV ratio

Vehicle stack at trans-lunar injection

Staging

Staging

Simplified initial operations
2:1 LTV / LEV ratio
Vehicle processing doubled
No early autonomous rendezvous
No early autonomous payload

transfer
Small diameter aerobrake

Staging

Simplified utilization phase
1:1 L'IV / LEV ratio

Scaled-up

Scaled-up

Simplest initial operations
1:1 LTV / LEV ratio
Simplified vehicle processing
No early autonomous rendezvous
No early autonomous payload

transfer
Larger diameter aerobrake

Scaled-up

Optional utilization phase
1:1 or 1:2 LTV / LEV ratio

Figure 3.1.3-5.- Lunar vehicle sizing options.

size of the servicing facility at Space Station Freedom at
the very beginning of the case study, since two LTVs
need to be concurrently processed for each mission to
LLO.

fewer larger LTVs are needed for the case study than
smaller LTVs, the scaled-up LTV design was selected.

3.1.4 Orbital Node Systems

To decrease the number of LTV flights, and thus de-
crease the associated LTV activity at Freedom, a scaled-
up LTV was considered that would always allow for a
1:1 LTV to LEV ratio per mission. The larger LTV would
also allow for a gradual increase in capability at Free-
dom, where the initial missions to the Moon could be
accommodated with a less complex single LTV facility.
The scaled-up LTV was sized to deliver a fully loaded
and fueled LEV from LEO to LLO. Once LEVs are based

on the lunar surface, one LTV delivers one LEV payload
and enough LEV propellant (oxygen and hydrogen) for
one LEV mission.

During the later portions of the utilization phase when
the LEVs are using LLOX, the larger LTV has the ability
to deliver two LEV payloads and enough hydrogen for
two LEV missions, or it can continue to deliver enough
payload and hydrogen for one LEV. Thus, the LTV to
LEV ratio could be 1:2 or 1:1 for this portion of the case
study. Because of the less complicated LEO operations
associated with a 1:1 LTV to LEV ratio and the fact that

Space Station Freedom serves as the staging location
between Earth and the Moon for this case study. Op-
erations conducted at Freedom include payload and pro-

pellant transfer, vehicle checkout and verification, ve-
hicle refurbishment and storage, and life sciences re-

search. Some modifications to Space Station Freedom
will be required to meet the objectives of the case study.

3.1.4.1 Elements and Systems

Each LTV/LEV combination can be brought to orbit on
a single Block II Shuttle-C launch, which minimizes or
eliminates the need for on-orbit assembly. However,

payload and propellant transfer will still be required.
The need for a propellant storage facility is highly de-

pendent on the flight rate to the Moon and available ETO
launch capability. No long-term propellant storage is
required for the Lunar Evolution case study, and no
propellant storage facility is needed for the given flight
rates.
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TheSpaceStationFreedomconfigurationforacco_
datingthelunarmissionsis shownin figure3.1.4ol.
Launchof theFreedomgrowthelementscanbeaccom-
plishedin10flightsofastandardShutfle-Cvehicle.The
configuration of Freedom for this case study includes
enhanced truss and power capability (225 kW total
power), habitation for the support crew, vehicle, cus-
tomer, and intravehicular activity servicing facilities.
Micrometeoroid and debris shielding is provided on the
vehicle accommodation facility to protect the lunar

vehicles and EVA support crew. This facility is designed
to permanently accommodate two LTVs (simultane-
ously), with each vehicle requiring up to 3 months for
complete processing between flights. The size and de-

sign of Space Station Freedom growth are highly d_o
ent on the lunar flight rate and vehicle design.

With a Shuttle-C launch frequency of six per year, the

processing, mission operations, and recovery can be
accomplished in less than 90 days. Total traffic through

Section 3, Human Exploration Case $mdi_

Space Station Freedom averages two LTV flights to the
Moon per year. This low flight rate will still allow vital

research and development operations at Space Station

Freedom to continue uninterrupted for up to 180 days.

3.1.4.2 Enabling Technology

Since reusable vehicles are assumed in this case study,
the primary technological need is based upon the level

of vehicle processing and refurbishment at Space Sta-
tion Freedom. The degree to which the aerobrakes for
the LTVs must be refurbished is currently unknown, but
this operation could require technology advances. If the

flight rate to the Moon is sufficiently high, a wet/haz-

ardous cryogenic propellant storage facility may be re-
quired. The processing, storage, and handling of these

propellants at Freedom are of extreme importance. The
ability to process hazardous vehicles on-orbit will re-
quire advances in automation and telerobotics.

---_ /-==:._and kml¢w_e

\

, /

[[_= Node

= Exlended node

• = Airlock

z

Figure 3.1.4-1.- Lunar vehicle accommodation at Space Station Freedom for LTV verification.
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3.1.4.3 System Alternatives

Several growth options and alternatives for Space Sta-
tion Freedom are currently being considered. These
options include providing a simple vehicle staging
"porch" (see section 4.23) for initial flights to the Moon
in which vehicles are not reused; therefore, vehicle proc-
essing is not required. The only operations that must be
conducted include vehicle checkout, crew ingress, and
orbital maneuvering vehicle (OMV) transportation to the
LEO propellant transfer point. This simple porch de-
sign provides the required functions for the early lunar

missions while minimizing the impacts on Space Sta-
tion Freedom, but it must be enhanced to provide ade-
quate facilities for vehicle processing/refurbishment for
the later LTV flights.

Another option provides for propellant transfer at Free-
dom while maintaining distance between the crew habi-
tation and propellant storage facilities. In this design
option, (discussed in section 4.2_3.4), tethers induce ac-
celeration at the propellant depot, allowing for propel-
lant settling in the tanks.

3.1.5 Y_lzl_etaxy Surface Systems

The surface systems designed and the surface strategies
employed for the Lunar Evolution case study provide
for an outpost that gradually evolves from a small,
human-tended systems test-bed and science station to a
larger, permanently occupied outpost with facilities to
support significant scientific exploration and research
and the use of lunar resources. As the outpost devel-
ops, its capabilities for self-support increase, and the
outpost begins to operate independently in areas such
as lunar excursion vehicle servicing, lunar resource utili-
zation, and day-to-day operations. This move toward
self-sufficiency relieves some of the burden on Earth-
based and LEO-based infrastructure and makes re-

sources available so that human exploration missions to

other solar system destinations can be planned and car-
tied out.

The lunar outpost develops through three phases: em-
placement, consolidation, and utilization. The emplace-
ment phase is used to establish human presence on the
Moon with a minimum of crew and infrastructure, and

depends significantly on Earth support for crew supplies,
construction teleoperation, and operations monitoring.
During this phase, the outpost is capable of sustaining a
crew of four for 6 months to 1 year, and lunar science is

limited to the immediate vicinity of the outpost.

The habitation architecture and outpost capabilities are
substantially enhanced in the consolidation phase. The
larger lunar outpost enables the crew to perform at an

increased level of activity with less Earth dependence.

During this phase, the outpost is capable of sustaining a
crew of eight for 1 year tours of duty, and lunar science
is expanded to include pressurized laboratory investi-
gations and the exploration of areas tens to hundreds of
kilometers from the outpost.

The utilization phase is the last phase of development
of the lunar outpost in this case study. The phase is in-
strumental in proving the usefulness of local resources
and the viability of outpost self-sufficiency. During this
phase, the outpost is capable of sustaining a crew of 12
for 2-year tours of duty, and emphasis is placed on a
curtailed, yet sustained level of lunar operations. The
combination of outpost self-sufficiency and curtailed
lunar activities results in less support required from
Earth and LEO, thus allowing the next phase of explora-
tion to begin. Figure 3.1.5-1 shows the layout of the
completed lunar outpost.

3.1.5.1 Elements and Systems

Habitation. As is the case with all the elements described

in this section, the habitation facility was designed to
allow for a gradual expansion of capabilities. The initial
portion of the habitation facility consists of a Space Sta-
tion Freedom-derived module modified for one-sixth

gravity. The module is pre-outfitted at Earth and has
everything necessary, except crew consumables, to sus-
tain a four-person crew on the Moon for 30 days to 1
year. The initial habitat is delivered to the Moon on an
unmanned cargo vehicle and emplaced on the lunar
surface telerobotically from Earth. When the first crew
arrives at the Moon, they need only connect the power
supply and certify the module for pressurized occupa-
tion. The initial outpost is spartan at best, and very little
space is available for science users due to the volume

limitations. The telerobotic emplacement and capabil-
ity for quick human occupation are two important char-
acteristics of the initial outpost.

As the outpost develops, requirements for pressurized
volume for crew accommodations, laboratory equip-
ment, work space, and storage increase substantially.
The habitation facility is expanded to accommodate these
requirements by the addition of a large, spherical con-
structible habitat. The habitat takes about 1 year to
construct (within the constraints of LEV flight fre-
quency), and requires tasks such as excavating the site,
erecting and pressurizing the structure, installing life
support and thermal control systems, outfitting the in-
terior, and covering the outside with regolith for radia-
tion protection. The constructible habitat has several

levels and can accommodate 12 people. The construct-
ible also has enough habitable volume to provide sev-
eral laboratories and a lunar outpost command center,

giving the lunar crew the ability to make scientific and
operational decisions at the outpost. This is an impor-
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Figure 3.1.5.-1.- Completed lunar outpost.

tant first step toward self-sufficiency. Hgure 3.13-2

shows the completed habitation facility at the lunar
outpost.

jected to the lunar environment by vertically mounted

radiators oriented parallel to the plane of the solar eclip-
tic.

Ufe Suv:aortlThermal Control Sustems. The life support
system CLSS) and thermal control system (TCS) are the

two major systems that keep the habitation facility safe

for the lunar outpost crew. The LSS selected for the lunar

outpost is a regenerable physical-chemical system de-

rived from the Space Station Freedom LSS. The initial

LSS is integrated into the module and recovers roughly
96 percent of the system's water and oxygen. The ad-

vanced LSS in the large constructible habitat improves

on the initial LSS by recovering materials from solid

wastes, having the ability to use lunar-derived oxygen,
and reducing the resupply of system expendables.

The thermal loads on the habitation facility require the

TCS of the lunar outpost to be an active system. The

TC_ selected is similar to the Space Station Freedom TCS:

two single-phase water loops for the acquisition of meta-

bolic and equipment heat loads. The waste heat is re-

Rad/at/on Protec_#r_. Radiation protection is a major con-
cern for long-term habitation of exb'aterrestrial surfaces.

The primary hazards are from solar flares and lengthy

exposure to galactic cosmic radiation (GCR). Solar flares

occur sporadically and are roughly correlated with the

11-year sunspot cycle. GCR contains more energetic
particles than solar flares but at substantially lower

fluxes. Solar flares can be lethal over short time peri-
ods, whereas GCR presents a long-term hazard. Recent

studies indicate that for crew stay times of less than 1

year, GCR protection is not required. Thus, due to the

short stay times of the lunar crews during the emplace-
ment phase, the initial Space Station Freedom-derived

module is not provided with GCR protection. However,

solar flare protection is provided by a heavily shielded

area at one end of the module. Lunar regolith can be

used as shielding material to protect the habitation fa-

cility from radiation, and as outpost capabilities permit,
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Figure 3.1.5-2.- Lunar outpost habitation facility.

the module is eventually covered with regolith and
treated as a safe haven. As crew stay times increase,

GCR protection becomes necessary, and the construct-
ible habitat is covered with a half-meter of regolith dur-

ing its construction. (This is a major difference from the
results presented in the OEXP's FY 1988 Exploration
Studies Technical Report, in which several meters of lu-
nar regolith were required over the entire habitation
facility regardless of crew stay times.)

Power. The expanding nature of the lunar outpost dic-
tates an evolutionary approach to the power generation
system. The initial power demands of the outpost are
small and are accommodated by a photovoltaic array/

regenerative fuel cell (PVA/RFC) system. The PVA
provides all the power for lunar daytime activities and
also charges the RFC. The RFC provides the outpost
with power during the lunar night. The initial PVA/
RFC system is telerobotically deployed near the outpost,
so when the first lunar crew arrives they only have to

connect the power system to the habitat.

As the habitation facility grows, the power demand
increases due to the larger habitable volume, pressur-
ized science laboratories, and the addition of lunar ex-

cursion vehicle servicing. The power demand is above

the level where PVA/RFC systems are desirable; there-
fore an SP-100 nuclear power source with an improved
specific power (power produced/system mass) is era-
placed on the lunar surface. The SP-100 supplies a con-
tinuous power level of 100 kW throughout the lunar day
and night, but has to be placed away from the outpost
to protect the crew from radiation.

The continuous power level of the SP-100 satisfies all
the outpost's power needs until lunar resource utiliza-
tion begins, which requires power in the megawatt
range. To supply this power, an 825 kW power source
is added to the outpost's power generation system. This
large nuclear reactor is based on SP-100 technology and
uses dynamic power conversion. It is also located away
from the outpost to protect the crew from radiation.

Launch/Landin? Facilities. A major requirement associ-
ated with the Lunar Evolution case study is to maintain

and service the LEVs at the lunar outpost. Accordingly,
launch and landing systems are manifested to provide
LEV turnaround on the lunar surface. LEV support

equipment includes items such as thermal control carts
to dissipate heat generated by the LEVs, a reliquefac-
tion facility to capture propellant boiioff, light-weight
thermal blankets to shield the LEVs, and a propellant
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refillvehicletotransferpropellantbetweentheLEVsand
outpoststoragefacilities.The launch and landing of the
LEVs are also supIx_ed by pad support equipment such
as navigational beacons and aids, a range safety system,
an electrical grounding system, and blast protection
devices. Figure 3.1.5-3 shows the lunar outpost's launch
and landing facilities.

Lunar Oxy_gen Production Plant. The Lunar Evolution case

study examines the potentially substantial savings and
enhancements to be obtained through the utilization of
lunar resources. The high costs of delivering materials
to the Moon from Earth drives the desire to use local

resources. Lunar-derived liquid oxygen (LLOX) can be

produced on the Moon by processing the lunar regolith,
which is roughly 44 percent oxygen by weight, and
several conceptual processes for LLOX production ex-
ist. The hydrogen reduction of ilmenite process was
selected for this case study. This process is character-

ized as less difficult chemically and technologically than
other proposed processes; however, ilmenite is only
found in certain areas of the Moon. The low ilmenite

content in the lunar regolith in those areas and the chemi-
cal reaction of ilmenite with hydrogen require that 300 t
of lunar regolith must be mined to produce 1 t of oxy-
gen. In addition to the mining equipment and the chemi-
cal processing plant, further support equipment is re-

Section 3, Human Exploration Case Studies

quired, including regolith beneficiation equipment,
oxygen liquefaction equipment, and oxygen storage
tanks. Figure 3.1.5-4 shows the LLOX production plant
and supporting facilities.

Suvportin_ Systems. Several other systems support the
surface operations at the lunar outpost. These include
EVA systems such as space suits and airlocks, assembly
and construction equipment, surface transportation ele-
ments such as pressurized and unpressurized rovers,
and telecommunications, navigation, and information
management (TNIM) equipment. These systems are
described in detail in Volume III of this report.

3.1.5.2 Enabling Technology

To meet the objectives of this case study, several areas
in planetary surface systems require further technology
development. These enabling technology issues are
mining and construction, mobile and stationary power,
dust contamination control, extravehicular activity, lunar
oxygen production, mineral beneficiation, and propel-
lant storage and transfer. These issues are also discussed
in Volume III of this report.

3.1.5.3 System Alternatives

Many studies were carried out in order to select the
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Figure 3.1.5-3.- Lunar outpost launch and landing facilities.
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Figure 3.1.5-4.- Lunar oxygen production plant and supporting facilities.

surface systems used in this case study. Distributed
Studies of Equipment and Subsystems, section 5 of Vol-
ume III in the annual report, discusses in detail the op-
tions considered and the evaluation criteria used in se-

lecting all of the planetary surface systems.

3.1.6 Synthesized Mission Manifest

grows to a permanent facility, (2) develop a significant
science research capability, and (3) develop a martian

moon gateway to ultimately serve as a resource for
continued human expansion into the solar system.

3.2.1 Key Features

Key features of this case study include:

The buildup of the LEO supporting infrastructure be-
gins in 2000 with the launch of the first phase of the Space a.
Station Freedom growth elements. Flight tests of the

lunar transfer vehicles and lunar excursion vehicles begin b.
in 2003, with the final vehicles ready for the first mis-
sion to the Moon in late 2003. The Earth-to-lunar sur-

face manifest for the Lunar Evolution case study for the c.

first 13 years of the program is provided in table 3.1.6-I. d.
The table shows the quantity of each payload and the
date of its delivery to the lunar surface.

3.2 MARS EVOLUTION CASE STUDY

The objective of this case study is to emplace a perma-
nent, largely self-sufficient outpost on the surface of
Mars. Within this long-range objective are three inter-

mediate goals: (1) establish a Mars surface outpost that

eo

f.

g.

h°

First flight for human exploration of Mars launches
m 2007.

Vehicles are assembled in LEO at a free-flying as-

sembly fixture.

Significant science research capability is provided.

Initial number of crew is four, increasing to seven
on later flights.

Aerobraking is employed at Mars and at Earth.

Chemical propulsion is utilized throughout.

A martian moon gateway is developed, with fuel
and oxidizer production.

Artificial gravity spacecraft.
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TABLE 3.1.6-I.- LUNAR EVOLUTION - HARDWARE ELEMENT MANIFEST

Annua] hardware element mass, t

Hardware element Emplacemont Consolidation Utilization

2003 2004 2005 2006 2007 12008 2009 2010 2011 2012 2013 2014 2015

Transportation systems support elements
Lunar transfer vehicle-cargo
Lunar transfer vehicle-cargo

(w/o aerobrake)

Lunar transfer vehicle-piloted

Lunar excursica vehic]e-<argo
Lunar excursion vehicle-piloted

Subtotal

9.7 9.7
7.8

2x18.7 18.7

3.4 3.4

2x6.3 6.3 6.3

11.2 50.0 38.1 6.3

18.7

28.4

Habitatsand laboratories

Analytical sdence laboratory
Plant/animal/microbe laboratory
Habitation module

Airlock

Node

Thermal control system
Tents

Pressurized tunnel ramp
Ground station

Constructible habitat

Constructible thermal control

Constructible regenerative life

support system
Constructible outfittin K

Subtotal

1.2

18.8

3.7

4.7
2.2

1.0 1.0

2.8

1.0

19.6

21.0 9.4 6.0 19.6

6.1

16.8

1.0

23.9

8.9

8.9

Facilities

Liquefaction plant/tanks
Fuel cellpower carts
Thermal control carts

Navigation beacons and pad
markers

LLOX demonstration plant
Lander facility upgrades

LLOX phnt
Subtotal

3.0 3.0
0.8 0.8

1.2 1.2
0.1

0.2

5.3 5.0
6.8

6.8

3x6.8

20.4

Vehicles

Teleoperated instrumented rover
Unmanned local rover

Laboratory trailer

Low power traile_

Pressurized utility vehicle
High power trailer

PropelLant refill vehicle

Lunar ball_tic vehicle .,
Subtotal

2.9

0.6
5.0

1.4

5.0

14.9

5.0

5.2

10.2

14.0

14.0

9.0

9.0
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Hardware element

Pow'er

PVA/RFC (50kW125 kW)

PVA (100kW)

SP-100 power module

Nuclear power plant(825kW)

PMAD and cable(3kn0

PMA. D forLLOX plant

Subtotal

Communlcations

Communications equipment

Communication tower

Cable (1.3kn0

Subtotal

Equipment

Geologic exploration equipment
Crane

Digger
Track

Construction hand tools

EVA equipment

Plant beneflciation equipment

Mining equipment
Subtotal

Science

Geophysical station

Portablegeophysical package

Pan'ides and fields lnstuments

Geologic exploration instruments

Solar observatory

Monitoring telescope

Optical telescope

UV telescope

IR telescope

X-ray telescope

Camma-my telescope
Moon-Earth radio interferorneter

Earth observing instruments

Low h_ClUcncy radio array

Biomedical laboratory instruments

Science expedition package
Subtotal

Total annual hardware

element mass

2OO3

TABLE 3.1.6-I.- (CONCLUDED)

Emplacement

2004 2005
,T

2OO6

Annual hardware element mass, t

10.1 10.1

1.0

5.0

3.0

10.1 10.1 1.0 8.0

1.9

1.9

1.9

5.7

Consollda flon

2007 2008 2009 2010

20.0

3x0.5 0.5

21.5 0.5

Utilization

2011 2012 2013 2014 2015

0.3

1.0

1.3

0.1

0.1

0.1 0.1

0.5

0.8

1.4

3.4 3x3.4

4.2

7.6 10.3

0.1

1.2

0.1

1.2

2x0.2

0.9

2.1

2.1

3.7

2.5 9_

0.9 0.9

0.7

5.7

6.4 0.9 0.9

3.8

0.2

0.1

1.2

2.9

O.2

0.5 0.5 0.5 0.5 0.5

3.8 0.7 4.7 0.7 0.5 0.5

48.0 80.6 74.6 40.3 35.0 21.0 21.5 18.7 23.6 44.4 0.7 0.5 28.9
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3.2.1.1Phasesof Development

Thedevelopmentofa permanent, self-sufficient outpost
on the surface of Mars is planned to follow an evolu-
tionary path through three mission phases: (1) emplace-
ment, (2) consolidation, and (3) utilization. These phases
are summarized in figure 3.2.1-1 and described below.

Emvlacer_¢nt Phase: The objectives of this phase are to
accomplish the initial human landing and deploy and
check out the surface habitat module. Local human

exploration activities and regional semiautonomous
exploration capability are initiated. The Phobos ISPP
plant is delivered.

Consolidation Phase: During this phase, exploitation of
local resources begins with production by the gateway
propellant plant. Number of crew, Mars surface stay
time, and both human and robotic exploration capabili-
ties are expanded.

Utilizah'o_ PhasF Outpost permanence is established
with expanded surface facilities, greater use of Mars

Section 3, Human Exploration Case Studies

resources, and advanced propulsion technologies.

Global exploration of Mars is demonstrated.

3.2.1.2 Mission Profile

Prior to the development of the Mars outpost, robotic
missions to Mars will characterize the environment and

support the selection of the outpost site. Three missions
are currently defined to meet these objectives: the 1992
Mars Observer, a Mars Rover/Sample Return, and a
Mars Global Network.

The mission-by-mission timeline for the case study is
shown in figure 3.2.1-2. The strategy developed as part
of the Lunar Evolution case study maturation process
was also incorporated into the Mars Evolution case
study. This common strategy begins the emplacement
phase with an unmanned cargo mission, which is fol-
lowed by the first piloted flight. Typical flight profiles
for the cargo and personnel missions are shown in fig-

ures 3.2.1-3 and 3.2.1-4. A description of each flight is

provided below.

7

i,

200 2007 201 2011 2012 2013 2014 2015 2016

' • ,_r s_ao..=t;i=t " "
• Local unharmed rover (t=msof kin)

• PV po_v'
I I I

• Id_tl crew landing - crew of 4
• Local human explora_on

• Local, manned rover capability (tens of kin)
• Regional, unmanned rover capability (hundreds of kin}

/
• Mission crow 9row_ to 5

• Crew surface stay to 16 monlhs

• Local pressurized rover capability (te¢ll of kin)

I I I I
'hobos ISPP plant delivered

Mars surface laurcMsndinO fadli_ I

• Phobos ISPP plant operalional

• GlobaJ human eXldoralJon of Phobm

2017 I 2018

i
I

4
!

2019 2020 20_ 2022 2023 I

J

• Expanded unmanned rovor capability (up to 1,000 kin)

• RegionaJ manned explomlJon n(xlh of outpost
• 2nd piloted vehicle introduced

I I I I I I• Regional Wessurlzed rover capability (hundreds of km)

I • Phobo, produced prorTIlant u=_l fox TEl

, , 0 '1'" ,
• Oxygen produclion fadlity on Mars
• Cont_'uc_ble habitat

• Ccew growth to 7

• Expanded human exploration capability

I ! I I I I
Figure 3.2.1-1.- Mars outpost development phases.
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Figure 3.2.1-2.- Mars Evolution reference mission.

.Flight 1 - Unmanned cargo flight: This flight departs LEO

in August 2005, on a minimum energy, one-way trip.

Upon arrival at Mars, the vehicle aerobrakes into a cir-

cular orbit and deploys an unmanned semiautonomous

rover to the prime landing site region. Over the next
several months, the rover explores the immediate region

and identifies the exact landing site within the prime

area. It deploys navigation beacons to assist in landing

the primary cargo payload, which lands before the arri-

val of the crew on flight 2. The primary cargo consists
of the initial surface habitat module and the construc-

tion equipment to robotically deploy the habitat. Also

included in the surface payload are the necessary power

supply and communication equipment.

Flight 2 - First _loted flight to Mars: This flight departs

LEO in September 2007 on a _ay round-trip class

trajectory, which has the characteristic of approximately

a 100-day window of stay time at Mars. Upon arrival at

Mars, the piloted vehicle aerobrakes into a highly ellip-
tical orbit (250 km x 33,120 km) at an inclination com-

patible with a range of potential departure declinations.
The four crewmembers all descend to the surface for a

nominal 30-day stay and conduct local exploration and

scientific investigations in unpressurized rovers. One

objective of the crew's surface stay is to verify the integ-

rity of the habitat for subsequent crew use. A scientific

payload is robotically deployed to Phobos to reconnoi-

ter its resources and to return a sample to the piloted

spacecraft for subsequent analysis to verify the use of

Phobos as a propellant gateway. A robotic orbiter is also

deployed to Deimos for scientific observation.

Fight 3 - Fir_! human extendc, d duration stay a_ Mars: A

crew of five departs LEO in October 2009 on a 1,000-

day-class round-trip mission to Mars. The outbound and
return transit times to Earth are minimized to the extent

possible, given the propulsive capability of the piloted

vehicles. The piloted vehicle aerobrakes into a highly

elliptical orbit upon arrival at Mars.

The crew of five descend to the surface of Mars for

approximately 500 days and live in the habitat facility
emplaced and verified by the previous crew. Primary

crew objectives are to demonstrate the feasibility of long-
duration habitation of Mars and to conduct intensive

%.

k_
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Figure 3.2.1-3.- Mars personnel flights.
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Figure 3.2.1-4.- Mars cargo flights.
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regiona! science and exploration investigations in the
vicinity of the outpost. A manned, pressurized rover is

provided for an exploratory trip to scientifically inter-
esting areas.

_: This flight is the second cargo flight, and it
completes the emplacement phase. The flight launches
to Mars in November 2010 using a non-minimum en-
ergy trajectory to take advantage of the Mars launch op-
portunity that occurs in 2010. The primary payload is
the Phobos propellant production plant; therefore, the

vehicle aerobrakes into a Phobos-compatible orbit, and
awaits the crew arriving on the next flight. Additional
supplies and equipment are also delivered to Mars on
this flight.

tories employed for this year's studies fall into two cate-
gories grouped by round-trip flight time: (1) 500-day
class missions (also known as opposition-class) and (2)
1,000-day class missions (also known as conjunction-
class). All piloted trans-Mars trajectories are character-
ized by having a free return capability to Earth. That is,

following trans-Mars injection, no propulsive maneuvers
are nominally required to return to Earth in the event
that the mission is aborted prior to Mars orbit capture.
The initial piloted flight is an all-up configuration using
a 5_klay class trajectory. Later flights use 1,000-day
class trajectories. Vehicles are sized to accommodate

early flight requirements and then are reused to accom-
plish, to the maximum extent, more aggressive later mis-
sions.

F/jg_._: This flight departs LEO in December 2011 on a
1,000-day-class round-trip to Mars. The vehicle aero-
brakes into a Phobos-compatible orbit at Mars arrival,
since the primary objective of this flight is the emplace-
ment and verification of the Phobos propellant produc-
tion plant. The crew also conducts global exploration of
Phobos before descending to Mars for the remainder of
their 18-month stay. Because this mission launches be-
fore Flight 3's crew returns, a second piloted vehicle is
introduced for this flight. The Phobos propellant pro-
duction plant is brought to operational status, and the
crew verifies propellant production and storage; how-
ever, the propellant produced is not used until the next
flight.

_: This flight concludes the consolidation phase.
Launch is in January 2014, and the crew aerobrakes to
Phobos upon arrival at Mars. Once the Mars transfer
vehicle has been refueled for the return trip to Earth, the
crew descends to the surface for approximately 500 days.
The primary objective of this flight is to expand explo-
ration and science activities on the Mars surface.

For this case study, only the first eight flights in the se-
quence were developed. Flights 7 and 8 begin the utili-
zation phase and are launched in tandem during the 2016
Mars launch opportunity. Flight 7 is a cargo flight, car-
rying in situ resource utilization plants and a construct-
ible habitat capable of housing 12 people.

The number of crew for Flight 8 is increased to seven to
take advantage of the scientific opportunities allowed
by the expanded habitat facilities. Their primary objec-
tive is the erection of the constructible habitat. Surface

resource utilization and use of Phobos propellant allows
expanded exploration.

Possible mission types examined for this case study
range from "all-up" configurations, which send a mix
of cargo and crew on a single flight, to split missions,

which send cargo and crew on separate flights. Trajec-

The trajectory data for the Mars Evolution case study
are shown in table 3.2.1-I. The key assumptions and re-
quirements that were imposed upon the trajectory gen-
eration process, and that are implicit in the trajectories
listed in the table, are:

a. A free-return capability was required for all the pi-
loted Mars trajectories; i.e., the piloted vehicle could
return to Earth without any propulsive maneuvers
following trans-Mars injection at Earth departure.

b. Atmospheric entry velocities (for aerobraking) were
limited to 9,,500 m/sec at Mars and 13,500 m/sec at
Earth.

c. Fast transit times (outbound and inbound) consis-

tent with the SRD AV budgets were used.

3.2.2 _portunities and Strafers,

The science program described here has not received
widespread scrutiny and approval by the scientific

community. It is intended to reflect a basic, preliminary
approach to human Mars exploration within the specific
framework and mission characteristics of the Mars

Evolution case study. The science program must still

evolve through the normal maturation process of deft-
nition, refinement, review, and consensus within the sci-

ence community. However, some benefit was derived
from early efforts of various science strategy and over-

sight groups recently established and sponsored by
OEXP. Versions of the MASE science program were
made available at different stages for comments and
input to OEXP, the Exploration Science Working Group
(EXSWG), the Center Exploration Programs Scientists
(CEPS), the Opportunity Analysis Group, and the newly
formed Mars Science Strategy Group at Ames Research
Center.

The appropriate balance between manned and un-

manned exploration warrants further examination. The
science developed for this case study assumes a particu-

k_
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TABLE 3.2.1-L- MARS EVOLUTION CASE STUDY TRAJECTORIES

Outbound Mars Return Tots]

Launch IAunch AV TMI Arrival flight stay Deparhwe _V TEl Return flight mission

year date m]_c date time, days time, da_,,s date m/sac date time, d-_,,s duration, da_'s_ mmsmmm m m _ m

1. 2005 8/11/_ 4,210 11161o6 158 Cargo

Z 2007 9/26/07 4,500 2/25108 152 0 Abort _ 10105/09 588 7402007 9/26107 4,500 2/25108 152 30 3126108 2 (1) 2/17109 328 510

3. 2009 10122109 4,150 5114110 204 0 Abort O(1 ) 1217112 939 1,143
2009 10122109 4,150 5114110 204 501 10/3111 1,250 4120/12 200 911

4. 2010 11125110 4,600 9117111 296 C.atrgo

s. 20tl 12/20/_1 4,400 5127112 159 0 Abort 0 (2) 1/lS/15 963 1,122
2011 12120111 4,400 5127/12 159 529 11/7113 1,700 5/26/14 200 888

700 219/17 966 1,1266. 2014 1111114 4,010 6/20114 160 0 Abort (2)
2014 1/11/14 4,010 6120114 160 564 114116 I, 7/7116 185 909

7. 2016 2128116 3,800 7127116 150 - Cargo

8. 2016 3112116 4,100 7/20116 130 0 Abort 0 3/20/19 973 1,103

2016 3112116 4,100 7120/16 130 639 4120118 2,200 (2) 8/28118 130 899

_Depm't from 250 ]an I solorbit.v

Depart _m _ km x 9,378 km (P'nobos)orbiL

lar mix of the two, but future scenarios need to seriously
consider what an optimal mix would actually be.

3 _7..1 Opportunities

Mars provides opportunities for human exploration that
are markedly different from those of the Moon because
Mars has water-related features and a dynamic atmos-
phere. Although surface conditions today cannot sup-
port liquid water, the relict runoff channels and valleys
indicate that the climate of Mars was dramatically dif-
ferent 3.8 billion years ago; i.e., the time when the ero-
sional valley networks were estimated to be formed. Ex-
ploration will surely include the search for water in the
atmosphere, polar caps, subsurface and surface perma-
frost, and possible subsurface aquifers.

The martian atmosphere is high in CO 2, and it under-
goes seasonal changes. Weather on Mars also is sea-
sonal. Local to global dust storms originating in the
southern hemisphere near perihelion and the southern
summer solstice vary in strength, duration, and dust
density. These phenomena prompt a pursuit of atmos-
pheric and weather studies.

A martian outpost also offers a variety of unique scien-
tific opportunities that can be accomplished on the sur-
face to study the physical properties and processes of
the planet. These opportunities include studying mar-
tian history, morphological development, origin, re-
source potential, and natural environmental character-
istics.

Potential site investigations span the science disciplines
and include studying geological and geophysical char-
acteristics. This includes collecting samples to study
rock, soil, and regolith compositions, distributions and
ages (dating analysis done in Earth-based laboratories),
and investigating subsurface properties, hydrology, stra-
tigraphy, erosion phenomena, dust mobility, and rego-
lith maturity.

The possibility of past or extant life on Mars stimulates
exobiological studies, including the search for the old-
est exposed sedimentary deposits, associated fossils, or-
ganic compounds, and biogenic elements. Relict lake
beds are also desirable areas to search for fossil life-forms.

Traverse science provides opportunities for regional
mapping of geologic formations and geomorphology,
geophysical surveys of structure, magnetic fields, grav-
ity, and resource identification and distribution. Re-
gional traverses would also study regional volcanics and
the location and form of surface and subsurface water,

and would validate and calibrate remotely sensed Mars
orbital data.

Surface geophysical monitoring stations measure seis-
micity, heat flow, magnetic fields, gravity, atmospheric
gases, and meteorological activity, and monitor wind,
clouds, and dust storms, and dust density and composi-
tion.

In a Mars laboratory, geochemical analyses could be
conducted of surface materials in support of resource

3-29



OEXPTechnicalReport,FY1989,VolumeI

evaluationaswell as basic research on martian materi-

als. Life sciences experiments in a Mars surface labora-
tory include exobiology; experiments on plant growth
using hydroponics and martian soil; animal and human
performance, behavior, and physiology in the Mars en-
vironment; and the long-term biological effects of radia-
tion and dust in the planetary environment.

Since the travel time between Earth and Mars is long,

significant science investigation, referred to here as
"cruise science," would be done en route. In particular,

studies of human physiology/psychology and human
responses to radiation and the microgravity environment
would be conducted. A full suite of particles and fields

experiments would also be possible, including observa-
tions of the solar wind, the Sun, cosmic rays, and gamma-

ray and X-ray bursts. Astronomical observations could
be made at optical, IR, and UV wavelengths. It is as-
sumed that similar science experiments will be con-
ducted on all Mars flights, with the human adaptation

experiments limited to piloted flights.

A more detailed treatment of Mars science opportuni-
ties is included in Volume VI of the FY 1989 Exploration
Studies Technical Report.

3.2.2.2 Strategy

The general science strategy includes the following

points:

a. Mars exploration capability expands from local (un-
pressurized manned and unmanned) to regional
(pressurized manned and unpressurized umanned)
to global scales.

b. Mars science will be progressively enhanced, build-

ing toward understanding the planet's past and

present.

c. Overall scientific capability will progressively grow
at the Mars outpost, partly as a function of expand-
ing pressurized space available for scientific experi-
ments. Analytical geochemistry/petrology capabili-
ties will expand along with plant/animal/microbial
experiments and human adaptation studies.

As part of this strategy, there will be a mix of experi-
ments that require human real-time operation (e.g., ac-
tive seismic experiments, life sciences laboratory work)
and observations by instruments that are deployed ei-
ther manually or robotically, or that monitor martian
phenomena without human tending (e.g., geophysical
monitoring). The latter can be left behind between pi-
loted flights to transmit data back to Earth.

A network of multi-instrumented geophysical/meteoro-

logical stations is emplaced on Mars to enable global

geophysical and atmospheric observations. This net-
work uses both manually deployed stations and stations
emplacecl on penetrators or unmanned soft landers, lo-
cated far from human access. Each station measures

physical properties such as long- and short-period seis-
micity, heat flow, temperature, humidity, wind speed
and direction, atmospheric volatiles, atmospheric chem-

istry, and dust obscurity.

The specific science strategies and objectives associated
with the three phases of the case study are summarized
in figure 3.2.2-1. Each phase of the case study includes a
science payload to implement the science program. The
science mass for these payloads (including cruise science)
is accommodated in its entirety in the Mars Evolution

manifest. A detailed description of the science program
for the first seven flights with associated science instru-
mentation is included in Volume VI.

Eravlacement Phase. The science objectives for the Mars
emplacement phase are:

a. Conduct unmanned robotic site evaluation and ex-

ploration of the Mars landing vicinity prior to pi-
loted landing.

b. Conduct local manned exploration near the Mars
outpost, including geology, geophysics, composition
and age (dating done on Earth) of rocksand sedi-
ments; study stratigraphy; search for life/fossils;
study surface and subsurface structure and hydrol-
ogy; and observe atmospheric chemistry from bal-
loons and rockets. In general, the strategy is for the
unmanned rover to do "path planning" and sample

collection in preparation for manned expeditions.

c. Locate and evaluate local resources (water, miner-

als).

d. Begin a network of geophysical/atmospheric science
stations that are both manually and robotically de-

ployed.

e. Conduct unmanned exploration of Phobos and
Deimos.

_Q_olidation Phase. During this phase, Mars stay time is

lengthened, and the range of the pressurized rover is
extended to "regional" (up to 1,000 km). Local human
and regional unmanned rover exploration are aug-
mented by regional human traverses for geologic and
geophysical exploration. The science objectives change
with the expanded capabilities on Mars. For this phase,
objectives include:

a° Extend human exploration capabilities up to 1,000
km, study geology and geophysics, search for life/
fossils; continue unmanned exploration, including
sample selection and collection and path planning.
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Emplacement

Local manned and regional unmanned exploration
• Geology, geophysics, resource characterization

composition and age of rocks, regolith, geomorphology,
stratigraphy, search for life, fossils
water and mineral location/evaluation

subsurface and surface structure/possible hydrology
• Atmospheric sciences
• Lifesciences

human adaptationstoMars environmentexobiology

Phobos/Deimos teleroboticexploration/sample return

Consolidation

Local exploration of Mars outpost and manned regional expeditions,
unmanned exploration

• Geology and geophysics

geologic history, climate change, stratigraphy
channel morphology and development

• Atmospheric sciences

composition and structure of atmosphere, meteorology, dust storms
• Ufe sciences

human adaptations to Mars environment

plant growth experiments; exobiology
• Particles and fields studies

ionospheric composition and structure
interaction of atmosphere with solar wind

Phobos/Deimos

• Interferometry, Mars imaging, geology, and geophysics

Mars outpost

• Geology and geophysics

paleo-reconstruction of past Mars environments
• Atmospheric sciences

diurnal/seasonal variations

modeling of weather and dust storms
• Life sciences

human adaptations to prolonged Mars stay
plant growth/animal/microbe experiments

Expeditions to sites of scientific interest

• Geology and hydrology: Mineral location/evaluation

• Geophysics: Shallow/deep structure, physical properties

Utilization

Figure 3.2.2-1.- Mars Evolution case study: science strategy and objectives.
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b. Study r_gional geomorphology, channel morpholo-

gies, and development.

c. Supplement analytical laboratory capabilities for
experimentation with resource utilization and ma-
terials processing; begin plant growth experiments
and human adaptation research.

d. Expand geophysical/atmospheric science network
and balloon coverage to extend understanding of
martian weather, dust storms, and geophysical

properties.

e. Conduct a manned reconnaissance science expedi-

tion to Phobos, partly in support of Phobos resource
development.

Utilization Phase. The utilization phase continues to use
the Mars outpost to perform science activities, with an
emphasis on the expanded life sciences effort in support
of plant growth experiments, experiments with microbes
and animals, and additional work with human adapta-

tion. The strategy also includes extended regional trav-
erses to the northern regions to continue to search for
water.

The expanded network of global geophysical and atmos-
pheric sciences monitoring stations has sufficient areal
and temporal coverage to enable modeling of planetary
trends in weather, dust storms, seismicity, subsurface
structure, and other geophysical properties. The latter
part of the utilization phase marks the first opportunity
to attempt comprehensive paleoreconstruction of plane-
tary processes in Earth-based universities and laborato-
ries.

During the utilization phase, more distant expeditions
allow geology and resource exploration at sites beyond
the range of the regional manned rover. One candidate
site for a manned ballistic-type mission is one of the Mars

polar areas to search for the possible existence of water.
Another site might be the volcanic province of Tharsus.
The typical science payload for such missions would in-
clude an unpressurized rover equipped with an electro-
magnetic sounder, geologic and geophysical exploration
equipment, and a geophysical/atmospheric sciences
station. Specific science strategies for these missions
would depend upon the particular site.

Cruise Science. The science strategy for "in-flight" sci-
ence is:

a.

b.

Piloted flights will conduct a suite of experiments
on crew studying human response and adaptation
to zero-gravity environment.

Piloted and cargo flights will operate astronomy

(optical, UV, IR) and solar telescopes and particles
and fields experiments.

The science payload includes optical, UV, IR, and solar
telescopes; garotte-ray and X-ray burst detectors; par-
ticles and fields instrumentation; and biomedical instru-
mentation.

3.2.2.3 Surface Science Scenario

This discussion is intended as an example of how early
flights in the Mars Evolution case study could reasona-
bly be executed on the Mars surface. As such, the de-
scription provides some operational scope and reality
to the science mission, as it is currently configured, in
terms of science objectives, stay time, EVA limits, crew
time, and surface vehicle availability. The landing site
is a starting point from which operations can commence
in order to scope the activity. Although the chosen site
is a valid candidate, it was selected as typical and does

not imply advocacy.

The landing site for this case study is located on the Mars

equator at 33.5 degrees west longitude in an area gener-
ally known as the Chryse Basin complex. This area is a
wide fluvial plain, approximately 56 km in width, re-
sulting most likely from a combination of water outflow
from the VaUes Marineris complex and melting ground
ice; the latter effect caused the area to subside. Canyon
walls along the flood plain are 3 to 5 km high. Hills on
the plain loom approximately 1 km high.

Flight I is a cargo flight that includes a teleoperated (from
Earth) unmanned rover as part of its payload. The rover
is delivered to Mars from the orbiting cargo vehicle and,
once on the surface, begins a survey of the landing site
area. When the site survey is completed, the cargo ve-
hicle lands at the Mars outpost site. The teleoperated

rover is then dispatched to the 3 to 5 km high wall about
100 km away. The rover collects samples and performs
geophysical measurements during the traverse to and
from the wall, taking between 25 to 35 days total travel
time. The rover photographs the canyon wall strata both
in the visible and infrared portions of the electromag-
netic spectrum. When the rover returns to the outpost,
the geological samples collected are deposited at the
landing site with the cargo vehicle for examination by
crewmembers on later flights.

After depositing the samples at the outpost, the teleoper-
ated rover proceeds southward down the fluvial plain
and then westward into the Ganges Chasma to the can-
yon origin, and finally back to the outpost. The trip will
cover approximately 2,700 km and take from 200 to 300
days to complete. During the traverse, samples are se-
lected, geophysical measurements are taken, and the
canyon walls are photographed in the visible and infra-
red. The geological samples are returned to the Mars
outpost for examination upon the arrival of the crew

from Flight 2.

3-32

X_



Flight 2, with a crew of four, deploys a teleoperated rover
approximately 400 km north of the outpost in a portion
of the Chryse Basin complex flood plain known as Simud
ValHs, which connects to the outpost area. The rover
arrives at the outpost 30 days later, in time to deliver the
samples it has collected to the crew before they depart.

During the 20-to30-daysurfacestaytime,two crew-.

members, each ina separateunpressurizedrover,de-

ploy a setofgeophysicaland atmosphericmeasuring

instruments and conduct a series of traverses collecting
soil and rock samples. A map of the traverses in the

near vicinity (20 km) of the Mars outpost is shown in
figure 3.2.2-2.

Section3, Human ExplorationCase Studies

portation elements, the SIS is constrained to two flights
per year beyond those required for Space Station Free-
dom operations. An HLLV with a 12_5 m diameter pay-
load shroud and a payload capability of 140 t to Free-
dom orbit are assumed. For space transfer vehicles, the
Mars transfer vehicle (M'IV) is designed to be reusable
without major maintenance operations. Due to the un-
certainty of aerobrake reusability, the aerobrake, which
is used both at Mars and for crew return to Freedom, is

jettisoned following Earth entry.

3.2.3.1 Elements and Systems

ETO Vehicles

!

Figure 3.2.2-2.- Geologic traverses by crewmembers with unpressur-

ized rovers within 20 km radius of Mars outpost.

3.2.3 Transportation Systems

The transportation system presented here is the MASE
synthesis of the implementation provided by the Trans-
portation IA. The information represents some modifi-
cation of the information presented in Section 3 of Vol-
ume II of this report. These modifications are briefly
discussed in Section 5 of that volume. For ETO trans-

Space Transportation System (STS):
capable of transporting crew of four and
cargo of 10 t from Earth to LEO.

Heavy-lift launch vehicle (HLLV): a
vehicle capable of lifting 140 t from
Earth's surface to LEO, assumed to be

available for a maximum of four flights
per year. Several design options were
considered for an HLLV of the 140 t lift
class. These are shown in Section 4.1 of

this document. The Shuttle-Z concept
was assumed for manifesting purposes
for the Mars Evolution case study. The
Shuttle-Z concept burns the trans-Mars
injection (TMI) stage as the HLLV third

stage, and this stage arrives in orbit dry.
The payload lift capability to LEO (in
addition to the dry TMI stage) is 140 t.

Svace Transfer Vehicles

Mars transfer vehicle (MTV): a generic

term for the vehide that transports crew
and cargo from LEO to Mars orbit. The
piloted configuration is referred to as
the Mars piloted vehicle (MPV). The
cargo configuration is referred to as the
Mars cargo vehicle (MCV).

Mars excursion vehicle (MEV): a ge-
neric term for the vehicle that transports
crew and cargo from Mars orbit to the
surface of Mars or a martian moon. The

piloted configuration is referred to as the Mars descent
vehicle (MDV). The cargo configuration is referred to
as the Mars cargo lander (MCL).

Pilot_Vehicles

Mars piloted vehicle (MPV): a piloted vehicle for a
three-, five-, or seven- crewmember mission that uses
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chemical-H2/02 propulsion/aerobraking to provide

transport between LEO and Mars orbit. The vehicle has
a five-deck vertically oriented artificial-g facility that

provides a range of gravity conditions. This vehicle can
be reusable with LEO refurbishment after each flight.

Earth crew capture vehicle (ECCV): a piloted vehide

for direct entry of five crewmembers (increases to seven
in 2014) from the returned MPV to Earth's surface with

a 200 kg cargo. The vehicle consists of a crew cab and a

heat shield. Due to the high entry velocities associated

with the 500-day class trajectory (Flight 2), direct entry

to Earth by the crew in the ECCV is an option. How-
ever, the baseline is that the entire MPV is returned to a

Space Station Freedom-compatible orbit for servicing

and reuse on Flight 3. For the 1,000-day class missions,
it was assumed that the entire MPV is aerobraked back

into a Space Station Freedom-compatible orbit. The
ECCV serves as a lifeboat, in case of MPV malfunction,

for these cases.

Mars descent vehicle (MDV): a piloted vehicle for a
five-crewmember (increases to seven in 2004) mission
from Mars orbit to the Mars surface. The vehicle carries

the Mars ascent vehicle plus 25 t of cargo. The vehicle

components include a crew cab, a Mars ascent vehicle

(MAV) and a lander/aerobrake propulsion module.

Mars ascent vehicle (MAV): a piloted vehicle for five

crewmembers (increases to seven in 2004) and 200 kg

cargo transport from the Mars surface to Mars orbit. It
consists of a crew cab and an ascent and orbit transfer

propulsion module. Ascent propellant is storable bip-

ropellant.

Cargo Vehicles

Mars cargo vehicle (MCV): an expendable, unmanned

vehicle designed to deliver 187 t payload from LEO to

Mars orbit. The propulsion system uses chemical t-I2/02

propellants for impulsive engines and uses storable

propellants for the reaction control system (RCS).

Mars cargo lander (MCL): an expendable, unmanned

vehicle designed to transport 50 t cargo from Mars orbit
to the Mars surface. The vehicle uses the same MDV

lander/aerobrake propulsion module.

Figure 3.2.3-1 shows the piloted and cargo configura-
tions of the Mars transfer and excursion vehicles. The

MEW is expendable and transports crew and cargo from
Mars orbit to the surface of Mars or its moons. Advanced

Mars transfer vehicle (MTV)

Marspilotedvehicle(MPV)

Dry mm _.6 Engines:

Pityio_ _ out 100.0 Type: kSE

Psytoid caipabiliy beak 9.0 Throet: 33.4 kN

I:_:pol_wt _ 1_8 _: 480 t_.

I_udmum _ mare (t) _1.---4 Number. 3

Mars excursion vehicle (MEV)

Marsascent/descentvehide (MAV orMDV)

Englm_: (Asoent)

Type: Sux_d_ I_:_peilant

Dly miss 15.0 Engines: (Desoem)
TYI_: ASE

Pltyioad oapa_ilty dl_rn 25.0
Thnx_ O&TkN

Pa_ oq_a_ _p 2_
lip: 4(Dle_

F'm=kmoq_d_ _.0
-- Number:. 8

Mts_mum we( mass O) 7g.0

Marscargo lander (MCL)

0¢y mine 12.0 EnOIMS:

Psyload oapabiilty down S0.0 Type: ASE

_ cmpabil_up o.o "_ ee.7_

Pmpelb_oepedty 22.0 lep:463
Maxlm_1 wet Imms (t) 84,0 Number. 6

Figure 3.Z3-1.- Mars Evolution MTV and MEW configurations.
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Space Engines are used on the Mars transportation ve-
hicles, with the exception of the ascent engines of the pi-
loted MEV, which uses a storable bipropellant.

Trans-Mars injection stage (TMIS): this propulsion
module is used to transport vehicles from Earth orbit to
Mars orbit. It uses chemical I-I2/02 propulsion and con-
tains one engine per module/stage. Each engine pro-
vides 2,372 kN of thrust at a specific impulse of 471 sec.
Three TMI stages are required for cargo flights, and four
TMI stages are required for piloted flights.

Trans-Earth injection stage (TEIS): this propulsion
module is used to transport vehicles from Mars orbit to
Earth orbit. It uses chemical I-I2/02 propulsion. Each
engine has a thrust of 89 kN at a specific impulse of 480

3.2.3.2 Enabling Technology

A major enabling technology for Mars Evolution trans-
portation systems is on-orbit assembly capability. This
capability includes coordinated large-scale EVA/tele-
operated integration for assembling the aerobrake and
the Mars transfer vehicles, and fluid connects for cryo-
genic and ambient temperature feed lines to allow in-
space rapid cryogenic propellant transfer (TMIS needs
10 to 50 t/hr). In addition to on-orbit assembly, vehicles
and vehicle systems need 10- to 15-year nominal life-
times to be effective. Reusable descent/ascent cryogenic
engines are also required and must be dust-tolerant and
throtflable. In the area of vehicle automation, two other

significant technologies that are enabling for the Mars
Evolution case study are autonomous landing and au-
tonomous rendezvous and docking capabilities required
for the cargo flights. In the area of crew health and safety,
two key areas requiring enabling breakthroughs are
radiation protection and a resolution on the question of
artificial-g versus zero-g vehicles.

3.2.3.3 System Alternatives

In addition to the reference set of vehicles, nuclear ther-
mal rockets (NTR) were studied to determine their ef-
fects on the mission. NTR missions assumed the use of

aerobraking and terrestrial propellants only. Perform-
ance of NTR using Phobos propellants for return would

yield reduced flight times and increased payload capa-
bility over missions using only terrestrial propellants.
Aerobraking for the NTR alternative revealed an increase
in the payload capacity of an NTR Mars transfer vehicle

by about a factor of three. For the aerobrake assump-
tions used in the Mars Evolution case study (single 26 t
aerobrake used at both Mars and Earth), an all-propul-
sive NTR mission does not show an IMLEO advantage
over the aerobraked chemical baseline. With comparable
performance, however, the NTR provides a credible "all-

Section 3, Human Exploration Case Studies

propulsive" option.

3.2.4 Orbital Node Systems

The SRD stipulated that the assembly of Mars vehicles
would occur on a free-flying man-tended assembly fix-
ture co-orbiting with Space Station Freedom. The node

must support: (1) vehicle mating/assembly and de-
mating/disassembly, (2) space construction of elements
of STVs, (3) deployment and retrieval of transfer vehicles,
and (4) element and integrated vehicle on-orbit check-

out. Communications must be provided between the
assembly node and Earth stations.

3.2.4.1 Elements and Systems

The Mars transfer vehicle is not assembled on Space
Station Freedom, but is accommodated on a free-flying,
co-orbiting assembly fixture. Freedom's main require-
ments are to house the transient mission crew and Mars

transfer vehicle (MTV) assembly crew, support the ad-
vanced development of Mars outpost and MTV systems,
and provide a life sciences research capability. The Space
Station Freedom evolution growth deltas required to
support the mission requirements are presented in table
3.2.4-I. The programmatic schedules and further details
are provided in section 4.2 of this document.

TABLE 3.2.4-I.- MARS EVOLUTION CASE STUDY
SPACE STATION FREEDOM GROWTH DELTAS

A1

A2

A3

A4

A5

A6

A7

A8

Two 25-kW solar dynamic modules; two
25-meter transverse boom extensions;
space-based OMV and space-based OMV
accommodations

Upper/lower keels and booms

One habitat module; two resource nodes

Two 25-kW solar dynamic modules; servicing
facility phase I

One large pocket laboratory (artificial-g);
one large pocket laboratory (CELSS);
servicing facility phase 2

Life sciences laboratory module; two resource
nodes

Phase 3 servicing facility (completed

Customer Service Facility)

One large pocket laboratory (quarantine
facility)
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The characteristics of the orbital node for the Mars Evo-

lution case study are:

a. The node will be a free-flying fixture with accom-
modations for one Mars transfer vehicle and cargo.

b. The node should be gravity gradient stable with two

planes of symmetry.

c. Assembly activities should be located near the
node's center of mass.

d. Payload transfer distances should be minimized.

e. Separate docking facilities for crew and payload
deliveries should be provided.

f. Power collecting devices should be staggered to
minimize mass and area property fluctuations.

g. Sufficient structure should be provided to ensure
structural integrity and controllability during all

phases of assembly and operations.

h. The node should be designed for safe manned op-
eration.

A configurationforthisnode,termedtheSkyhook trans-

portationnode configuration,isshown infigure3.2.4-
I.Elementsconsistof:

a. Two SpaceStationFreedom-typepressurizedhabi-
tationmodules thatprovide yolume and redun-

dancy necessaryforman-tended operations

b. One hyperbaricairlockusedtotransfercrew toand
from thenode

c. Eightphotovoltaicsolarpanelsand fourthermal

radiators,which provide75 kW used forthepres-

surized modules, logistics,avionics,assembly,

equipment,and thermalcontrol

d. 88 bays of truss

e. Two alpha joints

f. Four beta joint motor boxes

g. One OMV docking ring

h. Eight RCS jet thruster clusters

Y

Z

I_US Hab _ US Hab Ill

Tool and suit Logistics and
storage safe haven

= Airlock and OMVdocking ring

Figure 3.2.4-1.- Skyhook transportation node configuration for Mars vehicle assembly.
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The assembly node can be carried to its 500 km, 28.5
degree inclination orbit by the Shuttle, Shuttle-C, or other
HLLV. Using the Shuttle requires 11 flights to assemble
the node. More capable vehicles require fewer flights.
When comparing ETO capabilities, the Shuttle configu-
ration payloads are restricted by mass, whereas the
Shuttle-C configuration payloads are restricted by vol-
ume.

3.2.4.2 Enabling Technology

Several technologies would be needed to support assem-
bly activities during operation of the node. To support
the fueling of STVs at the node, technologies for propel-
lant transfer and long-term storage are needed. An
automated fault detection/isolation and check-out sys-

tem is needed to verify capabilities of vehicles and ve-
hicle systems received by and assembled at the node.
Technologies that enable STV docking and berthing and
interfaces for mating the node with the STV/payload
must be developed. In addition, technologies for the
support of the assembly facility and equipment must be
provided.

3.2.4.3 System Alternatives

Alternatives considered included the location of the

node, the degree of manned capability provided, power
system selection, and RCS configuration. For this study,
the node was considered to be a free-flyer located in the
500 km, 28.5 degree inclination Freedom orbit. Because
of the 26-month window for Mars missions, the node

was assumed to be man-tended to reduce logistics for
crew support.

and limited work and storage space. All elements are
self contained except the power supply, which is exter-
naUy located. This minimizes set-up activities, requir-
ing the first crew to only connect the external power

supply and certify the module for pressurized occupa-
tion.

To accommodate the growing demands on the outpost,
a 16-meter diameter constructible habitat was chosen for

the second generation of outpost habitation. The refer-
ence concept is an inflatable structure with multiple
assembled floors,

EVA Sustems. EVA will be required for a variety of
operations, including construction, operation, and main-
tenance of outpost systems, as well as for performing
scientific exploration of Mars. The suit pressurization
system is baselined at 8.7 psi. EVA crews will also be
supplied with Apollo- and Shuttle-type hand tools and
unpressurized rovers for local area access.

Life Sut_aort Sustems. The life support system selected
for the evolutionary martian outpost is a regenerable
physical-chemical system. This system evolves in two
phases, initial and advanced, as the outpost expands to
include larger crews. The initial system, a derivation of
the Space Station Freedom system, is integrated into the
initial module, accommodating a crew of five. With the
construction of the inflatable habitat, an advanced life

support system is installed to support crews extending
to seven persons. The advanced system marls improve-
ments over the initial system by advancing the recovery
of materials from solid wastes and reducing resupply of
system expendables.

3.2.5 Planetary_ Surface Systems

Planetary surface systems are designed to establish a
Mars outpost through three phases of development: (1)
emplacement, (2) consolidation, and (3) utilization. In
the emplacement phase, planetary surface elements in-
clude a habitat and vehicle support for a crew of four.

In the consolidation phase, a propellant plant on Pho-
bos is established, the Mars surface launch and landing
facility is completed, and a crew of five is supported.
During the utilization phase, in situ resources are util-
ized, a LOX plant on the Mars surface is completed,
regional pressurized rover capability for hundreds of km
traverses is provided, and a crew of seven is supported.

3.2.5.1 Elements and Systems

Thermal Control. Thermal control systems (TCS) for the
initial habitation module and constructible habitat re-

quire active as opposed to passive measures. The TCS
must actively acquire internal equipment and metabolic
heat loads and reject these loads to the external environ-
ment. Heat pumps, required on the Moon, can be
avoided on Mars due to the cold environment and the

short martian day. Unique martian parameters critical
to TCS design include extreme changes in surface and

•atmospheric temperatures, changing winds, and degra-
dation of surface properties. For radiative purposes, the
martian environment is a good heat dump, and a hori-
zontal radiator may be used. If dust contamination is a
concern, vertical radiators with appropriate wind shields
or square radiators oriented parallel to the prevailing
wind direction may be used.

Habitat_Q_. The first crew to the Mars surface will ini-

tially reside in the lander. The first habitat to be em-
placed is a Space Station Freedom-derived common
module designed to support a crew of five. It contains

sleeping berths, a galley, a health maintenance facility,

Radiation Protection. Surface crews will need protection
from the constant galactic cosmic ray (GCR) background
and infrequent but life-threatening solar flare even_
The martian atmosphere, though thin, provides excel-
lent protection except at the zenith. Recent studies indi-
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catethatforcrewstaytimesoflessthan1year,noGCR
protectionisrequired.Longerstaytimeswill require
GCRprotectionatsome level. Solar flares can be treated
on a contingency basis due to their short duration; a tem-
porary shielded shelter should be adequate. However,
once full GCR protection is provided, protection is auto-
maticaUy provided against solar flares.

ing: exploration, local crew transport, local pressurized
transport, and long-duration excursions. All rover-type
vehicles are powered by fuel cells with reactant regen-
eration at the outpost. Exploration in the vicinity of the
outpost is accomplished by two teleoperated rovers; the
first is delivered with the initial crew, and the second is

delivered on the third flight with the second crew.

E_21iL_. Studies have indicated that an evolutionary

outpost can be initiated with a 50 kWe power system. A
photovoltaic array (PVA)/regenerative fuel cell (RFC)
has been baselined to fulfill this need. The array pro-
vides daytime power for the outpost and for electrolyz-
ing water into fuel and oxidizer for the fuel cell, which

provides power during the night. The power system is
robotically emplaced and deployed before the first pi-
loted mission. As the outpost evolves, and power de-
mands increase above the 100 to 200 kWe range, a nu-
clear-based power system becomes an attractive option
from a mass perspective. The baselined system uses an
SP-IO0 derived reactor with thermoelectric conversion

to supply a continuous 100 kWe. To support full-scale
resource utilization, which has power requirements in

the megawatt range, a dynamic conversion system is
coupled to an equivalent reactor to satisfy power needs
for the consolidation phase and beyond.

Assemblu and Construction. The characterization of the

martian outpost as a permanent facility implies the need
for assembly and construction capabilities for long-term
structures. Such capabilities include lifting massive
payloads, carrying payloads to the emplacement site, and
regolith moving/excavating for site preparation. Se-
lected assembly systems and construction equipment
also share common functions with machinery for re-

source mining and lander payload unloading.

The analysis performed for this year's case studies in
the area of assembly and construction did not address

specific equipment design. Instead, the focus was placed
on defining the requirements for outpost construction.
Therefore, the equipment selected to support construc-
tion operations was estimated from previous studies

while other design concepts are still under study. The
equipment manifested in the first cargo flight (2005)
included a crane to manage off-loading payloads, a

digger for surface preparation, and a truck for payload
surface transport. Each of these pieces weighs approxi-
mately 4 t and supports the construction and assembly
during the emplacement and consolidation phases.
Under the heading of lander facility upgrades, enhanced
off-loading equipment is delivered in 2011 to assist
construction and placement of the nuclear plant and

oxygen production facilities.

_urface Transportation. Several types of surface transpor-
tation are required to perform various functions, includ-

Crew transport within 10 km of the outpost is accom-
plished with a four-wheeled unpressurized Apollo-type
rover and a two-wheeled detachable trailer. The vehicle

can be configured to carry two crewmembers and 250
kg of payload or four crew and minimal payload. Two
of these rovers are delivered on the first flight. A four-
wheeled, pressurized rover provides a crew of four with
local pressurized transportation needed to support out-
post construction and maintenance. This vehicle carries
tools, parts, and EVA suits, and is equipped with an
airlock and manipulator arms for WA access to outpost
exteriors. It can also dock directly to habitats thus al-

lowing WA transfer of crew between rover and habitat.
Two of these vehicles are delivered on flights 3 and 4.

In Situ Resource Utilization. It has long been realized that

potentially substantial savings/enhancements can be
obtained through the use of locally produced items,
provided they are of sufficiently high value to justify
the overhead of the production facilities. Oxygen exists
on Mars (for example) in the form of atmospheric CO v

and in CO2 and water ice. It is expected that extraction
of this resource will be beneficial through its use as lan-
der fuel and life support makeup. Several concepts for
processes exist for martian oxygen production. Atmos-
pheric carbon dioxide electrolysis is a straightforward,
site-independent process. As this process has been sub-
ject to the most analysis in recent years, it is the best
choice as a departure point for further analysis of a total
oxygen production outpost architecture.

Scientific evidence indicates that water can be extracted

from materials from the surface of Phobos and processed

into liquid hydrogen and oxygen. The technology for
extracting and processing these resources and the way
to best use the propellants are ill-defined and require
further study. The selection of a Phobos propellant gate-
way for this case study was an appropriate departure
point for future analysis.

LaunchandLandineSvstems. Because all Marslandersin
this case study are expendable with storable propellants,
minimal lander support is required. All launch/land-
ing support equipment is delivered on Flight 4. This
consists of off-loading equipment and a set of vehicle
servidng equipment. A pressurized tunnel ramp pro-
vides IVA crew transfer between the lander and the out-

post.
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UserAccommodativns.The functionoftheuseraccom-
modationsareaistoensurethatuserelementsreceive

the required support from the established outpost sys-
tems. Support for user activities comes in the form of
pressurized volume, power, communications, surface
transportation, and crew.

Telecommunications, Navi_tion, and Information Manag_-

merit. The system initially consists of a single rack of
communications equipment in the crew module. Pad
markers and navigiation beacons are used tO mark the

landing areas_ A ground station will be provided within
the constructible habitat.

Figure 3.2.5-1 shows the layout of the Mars outpost.
From this figure, relative locations of the power, surface
science, launch/landing, in situ resource utilization, and
habitat systems can be seen. Figure 3.2,5-2 shows the
habitat area and power system in more detail.

Pholov_al¢
army

I

Inlen_ediale launch4andinofacilily

Figure 3.2.S-1.-Mars outpost layout.
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3.2.5.2EnablingTechnology

The critical technology development needs for surface
systems for the Mars Evolution case study include:

a. Construction technologies

b. Mobile power

c. Surface power (< 1 MWe)

d. Dust contamination control

e. EVA systems technology

f. Phobos water extraction

Construction techniques and system technologies must
be developed to support deployment and operations of
the Mars Evolution case study. Mobile power systems
with power levels of 5 to 40 kWe will be required to
support such applications as pressurized long-range
manned rovers, construction equipment, and mining/

materials transport vehicles. Stationary power technol-
ogy for the Mars Evolution case study must be provided

in support of crew surface activities.
Requirements specify output of be-
tween 25 and 100 kWe, lightweight
construction, erectable or deployable
design, and power management/dis-
tribution capability.

ISRU Ar_

Habital area

A method of easily and effectively
controlling and removing dust and
dirt from EVA suits, airlock seals, and

other systems (e.g., solar arrays) is
required. A key concern is the intro-
duction of dust into habitable vol-

umes. To meet the EVA requirements
of the Mars Evolution case study, de-
velopment of martian EVA suits and
portable life support systems is re-
quired. The primary technology
needs in support of EVA systems are
in the areas of: (1) a low-mass, port-
able life support system, and (2) ma-
terials development for suit, glove,
and visor that are resistant to abra-

sions by dust over long periods of time
and that also facilitate cleaning meth-
ods.

The technology for extracting water
from the surface of Phobos is currently
undefined, but will be complex and
require significant research and devel-
opment activities. Technology devel-
opment will be required in the areas

of mining, beneficiation, processing,
collection, purification, and storage.
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Figure 3.2.5-2.- Mars outpost habitat and power system layout.

3.2.5.3 System Alternatives

Many studies were carried out to select the surface sys-

tems used in this case study. In Volume III of this an-

nual report, Section 5 (Distributed Studies of Equipment

and Subsys_ms) discusses in detail the designs and char-

acterisfics of planetary surface systems.

3.2.6 Synthesized Mission Manifest

The buildup of LEO supporting infrastructure begins in

the year 2000 with Space Station Freedom growth ele-

ments used to conduct Controlled Ecological Life Sup-

port System (CELSS) and artificial-g research. The first

elements of the separate node assembly fixture, which

serves as the Mars transportation depot, arrive at LEO

in 2001. The first elements of the cargo vehicle are de-

livered to LEO in 2002 to sup-

port the 2005 launch date. The

first elements of the piloted
vehicle, which is launched in

2007, arrives at LEO in 2004. A

schedule for other major com-

ponents of the case study, in-

cluding development, flight

test, and system verification, is

shown in figure 3,2.6-1.

The mission manifests for the

Mars Evolution case study

(flights 1 through 8) are shown

in figures 3.2.6-2 through 3.2.6-

9. These figures include mani-
fests for ETO flights, the Mars

transfer vehicle in LEO prior to

trans-Mars injection (TMI), and

the payload elements delivered
to Mars and/or Phobos.

The Mars Evolution case study
assumes that ETO transporta-

tion is accomplished by Shuttle

flights delivering crew and

small payloads, and a heavy lift

launch vehicle delivering large

payloads and propellant to a

Space Station Freedom-compat-
ible orbit. Mars transfer ve-

hicles deliver crew and pay-
loads from LEO to Mars orbit,
and Mars excursion vehicles

transfer crew and payload to the
Mars surface. The mass re-

quired in LEO each year to sup-

port the scenario is summarized in figure 3.2.6-10. This

figure also summarizes the ETO flights required per year.

Averaged over the entire scenario lifetime, the total mass

to LEO requirement is well within the capacity of four

HLLVs. The dry mass to LEO, averaged over the same

13-year period, is 122 t/year.

The upper portion of figure 3.2.6-11 shows the initial

mass in LEO requirements for each flight to Mars, and
the lower portion shows how each flight's mass was

manifested over time to arrive at the results presented
in figure 3.2.6-10. Each shaded box on the lower half of
figure 3_2.6-11 represents the masses associated with one

flight to Mars. The average mass per flight is about 750
t, and ranges from 552 t in 2005 to 1,052 t in 2007. The

mass to LEO requirements for the Mars Evolution case

study provide understanding of the amount of on-orbit

operations that will be required for vehicle assembly.
v,._
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Year
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Figure 3.2.6-1.- Mars Evolution case study schedule.
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Figure 3.2.6-2.- Mars Evolution manlfest_ Flight #1--cargo flight, 2005.
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]Figure 3.2.6-3.- Mars Evolution manifest: Flight #2--pUoted flight, 2007.
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Figure 30..6-4.- Mars Evolution manifest: Flight #3--piloted flight, 2009.
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Figure 3_6-5.- Mars Evolution manifest: Flight #4_cax3o flight, 2010.
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Figure 3.2.6-6.- Mars Evolution manifest: Flight #5_caxgo flight, 2011.
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Figure 3_.6-7.- Mars Evolution manifest: Flight #6--piloted flight, 201¢
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Figure 3.2.6-8.- Mars Evolution manifest: Flight #7----cargo flight, 2016.
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26.0

37.8
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Figure 3.2.6-9.- Mars Evolution manifest: Flight #8--piloted flight, 2016.
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Figure 3.2.6-10.- Mars Evolution annual mass in LEO requirements.
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Dq,r,,,n8(0
Witmass(t)

Totalr_M (0
No,ofETO

Launchdate 8/05 9/07 10/09 11/10 12/11

Flight 1 2 3 4 5

Drymass(t) 173.9 226.5 155.0 217.7 242.9
Wetmass(t) 373.4 823.5 566.7 424.5 800.3
Total 547.3 1,050.0 721.7 642.2 1,043.2
No.of ETO 4 7 5 5 7

1/14 2/16 3/16

6 7 8 Total

155.4 275.5 142.8 1,589.7
489.1 415.4 519.3 4,412.2

644.5 690.9 662.1 6,001.9
5 5 5 43

2009 2010 2015
I
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339.4

481.7

3.3

Figure 3.2.6-11.- Mars Evolution manifest: mass.

3.3 MARS EXPEDITION CASE STUDY

The primary objective of this case study is to embark
upon the first human expedition to the surface of Mars.
The case study assumes a single expedition to Mars,
undertaken at the earliest possible opportunity. In ad-
dition, the environment, geological features, and mate-
rial of Mars would be studied to advance knowledge of
the origin of the solar system and survey the potential
for using martian resources.

3.3.1 Key Features

,

Key features of this case study include:

a. An expendable vehicle strategy in which a single
vehicle, with all supporting systems and landing/
ascent vehicle attached, is launched intact into LEO.
Several launches then bring up the trans-Mars and
trans-Earth propulsion stages.

b. A three-member crew is launched to Mars in a zero-

gravity vehicle on an opposition-class trajectory with
a free flyby abort capability.

c. The vehicle uses aerobraking at Mars and remains
in Mars orbit for 30 days.

d. A Mars lander, with all three crewmembers, de-
scends to the surface for 20 days.

e. Limited science equipment is carried to the surface
of Mars.

f. After their tour of duty is completed, the crew re-
turns for direct entry to Earth's surface.

The nominal mission duration is less than 18 months.

3.3.1.1 Mission Profile

Two approaches were considered for this case study:

(1) "splint/sprint" and (2) "all-up." In the split/sprint
approach, one Mars transfer vehicle carries the crew and
some hardware, and a second vehicle carries the remain-

der of the hardware. For the all-up approach, all the
expedition hardware and crew are dispatched on one
Mars transfer vehicle. Trade studies showed that the

all-up approach is the better of the two, when consider-
ing total mass to LEO and mission safety/success; there-
fore, this approach was selected as the baseline. The
strategy presented here consists of a single mission to
Mars with 11 phases, as described below and illustrated
in figure 3.3.1-1.

1. Earth to orbit: In this phase, one completely as-
sembled Mars expedition vehicle is launched into

LEO. Propulsion stages for the trans-Mars and trans-
Earth injection burns are launched separately, and
they dock with the expedition vehicle. It is assumed
that heavy lift launch vehicles with a payload mass
capability of at least 140 t delivered to LEO are used.
The cylindrical payload shroud dimensions on the

launch vehide are 12.5 meters in diameter by 25
meters in length. The Earth launch places the Mars
vehicles into a circular 500 km altitude orbit at 28.5

degrees inclination. Other orbital parameters are
selected to give the largest possible departure win-
dow.

2. Earth orbit operations: Operations in Earth orbit
include any rendezvous maneuvers required for
crew transfer and stage docking following the Mars
vehicle launch. The ease study ground rules as-
sumed that no on-orbit assembly would be required.
Also included are any orbit adjust maneuvers re-
quired to modify the orbital parameters for the LEO
departure _neuver.

3. Earth to Mars transfer: The transfer from Earth to

Mars begins with the TMI maneuver, which places
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Figure 33.1-1.- Mars Expedition mission profile.

the vehicle on a trajectory that will either fly directly
to Mars or, if desirable for a particular opportunity,
fly to Mars using a Venus swingby. A free Mars
flyby abort capability must exist for the manned

vehicle. After the TMI burn, the TMI stage (engines,
tanks, and associated systems) is discarded. Any
midcourse corrections must be performed by the
reaction control system.

Mars capture: Upon arrival at Mars, the vehicle
performs an aerobraking maneuver to reduce the

trajectory energy and enter an elliptical orbit around
Mars. Upon reaching apoapsis, the periapsis is
raised to an altitude of 500 km to avoid reentering
the martian atmosphere. A plane change maneuver
is done while in the atmosphere on the first pass to
place the vehicle into an orbit compatible with land-
ing and trans-Earth injection (TED departure require-
ments. Immediately after the aerobraking maneu-
vers are completed, the aerobraking shield is jetti-
soned.

,

.

and preparing the Mars descent/ascent vehicles.

Descent and landing: Descent to the surface of Mars

begins with a maneuver that lowers periapsis into
the atmosphere. Aerobraking maneuvers are per-
formed in the atmosphere to reduce entry velocity
and arrive at the landing site. After the aerobraking
phase, the terminal descent engines are turned on

to reduce the vehicle's energy for landing and to per-
form any hazard avoidance maneuvers required.

Mars surface activities: During the 20-day stay on
the martian surface, the crew reconnoiters the local

environment. A geophysical station is deployed to
measure properties such as seismicity, magnetic
fields, gravity fields, heat flow, atmospheric com-
position, and meteorology. A total of five EVAs (four
with rover traverses) explore the surface and sub-
surface geology for both scientific and engineering
purposes. Human biomedical adaptations to the
martian environment are also studied.

Prelanding Mars orbit operations: Preparations for
landing are made after the vehicle is in Mars orbit.
Five days are allotted for these preparations, which
include detaching the Mars descent vehicle from the
aerobrake shell, deploying any orbiting satellites,

. Ascent and docking with orbiter:. After the 20-day

stay on the surface, the three crewmembers, equip-
ment, and surface samples ascend from the martian
surface and rendezvous with the interplanetary
vehicle.
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9. Mars orbit pre-departure operations: Five days are
allotted to prepare the interplanetary vehicle for TEL
This preparation includes disposal of the ascent
vehicle and any final orbit shaping prior to the

departure maneuver.

10. Mars to Earth transfer: The interplanetary vehicle

performs the TEI maneuver and departs on a return
trajectory to Earth. This departure is either a direct
return trajectory or a Venus swingby. The TEl stage
is discarded after the TEI burn. Any midcourse
corrections are made with the reaction control sys-
tem.

11. Earth capture, entry, and landing: As the inter-
planetary vehicle approaches Earth, the crew and
samples transfer into the Earth entry vehicle, and
the interplanetary vehicle is discarded. The entry
vehicle enters Earth's atmosphere and performs
aeromaneuvers to effect a direct entry to landing.

Four acceptable mission opportunities, shown in table
3.3.1-I, occur between the years 2000 and 2010. Based

the vehicles going to and from a 500-km circular mar-
tian orbit and the other with the vehicles in a 250 km by

33,809 km ellipse (1 sol). Table 3.3.1.-II shows a com-
parison of the results of this trade study. As shown in
table 3_.1-I, there is a subset of trajectories within the

general class of 500-day missions that permit free return
and have energetic outbound requirements comparable
to TMI requirements for the 1,000-day class missions.
Thus, the need to split missions between crew and cargo
with the added operational complexity is removed. Also,
the TEI stage is removed from the cargo vehicle for
mission safety considerations. Removing the TEI stage
from the cargo vehicle (which differs from the FY 1988
split/sprint concept) also enforced the decision to go to
the all-up configuration. The split/sprint approach
requires a total of seven ETO cargo flights and one Space
Shuttle personnel flight. The all-up missions require six
cargo flights and one Shuttle flight. Although the 250
km x 1 sol orbit requires slightly less mass, the Mars
orbital operations are more complex for the highly ec-
centric orbit. Therefore, the all-up, 500-kin circular Mars
orbit mission was chosen.

TABLE 3.3.1-I.- MARS EXPEDITION REFERENCE TRAJECTORY OPTIONS

Launch date

Departure declination
Mars arrival date

Mars departure date

Nominal mission duration

Free abort duration

Powered abort duration

AV trans Mars injection

AV (500 km) trans Earth injection

AV (1 sol) trans Earth injection

2 Sep 2002

-21.3 deg

15 Jun 2003

15 Ju12003

485 days

600 days

Reference

10 Jun 2004

-5.9 deg

11 Apr 2005

11 May 2005

520 days

671.1 days

380 days 470 days

4.195 km/s 4.140 km/s

3.836 km/s 3.839 km/s

3.109 km/s 2.722 km/s

26 Sep 2007

37.0 deg
25 Feb 2008

26 Mar 2008

510 days

727.8 days

655days

4.350 km/s

3.614 km/s

3.470 km/s

_V powered abort
Nominal outbound duration

Nominal return duration

Venus swingby

Nominal Earth entry velocity

3.038 km/s

285.7 days

169.3 days

Outbound

12.104 km/s

0.969 km/s

304.6 days

185.4 days
Outbound

13.253 km/s

2.335 km/s

152.6 days

327.4 days

Return

12.722 km/s

25 Nov 2010

3.9 deg

17 Sep 2011
17 Oct 2011

520 days

696.3 days

490 days

4.368 km/s

2.793 km/s

1.984 km/s

1.739 km/s

295.9 days

194.1 days
Outbound

13.303 km/s

on programmatic considerations, the 2004 opportunity
was chosen as the reference. All outbound trajectories
have a free Mars flyby abort (free-abort) capability (in
the event of a failure involving the TEI stage) and a

powered abort option (in the event of some other fail-
ure). A Venus swingby is used on either the outbound
or return trajectory for the mission.

An important trade was the comparison of the split/

sprint strategy to the all-up approach. In addition, two
alternative strategies were considered: one strategy with

TABLE 3.3.1-II.- COMPARISON OF MANIFESTING
OPTIONS

Split/Sprint

Cargo 209 t

Piloted 616 t

Total 825 t

"all up" (500 km
altitude circular

orbit at Mars)

0

776 t

776 t

"all up" (1 sol
period elliptical
orbit at Mars)

0

762 t

762 t

*Valuesabove aremass in low-Earthorbit
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The mission uses expendable vehicles with minimal
infrastructure that is not mission specific. The Space

Shuttle is used as Earth-to-orbit transportation for the
flight crews, and heavy-lift launchers are used for all

other ETO transportation. Transportation requirements
occuroverashortperiod,withatotalETO mass require-
ment of776 t.

Major milestones for the Mars Expedition case study are
shown in figure 33.1-2. The following programmatic

template was assumed: 1-year Phase A, 6-month pro-
curement, 18-month Phase B, 1-year procurement, 5-year

Phase C/D, 1 to 2 years for flight test, on-o_it mating,
and system verification. This template, coupled with
the FY 1992 budget as the earliest fiscal cycle that can be

modified, indicates that the earliest feasible launch op-
portunity is 2004.

33.2 Science Ovoortunities and Strate2v

33.2.1 Opportunities

The Mars Expedition offers a variety of unique scien-
tific opportunities to study the physical properties and
processes of Mars, including its fundamental nature,

history, geomorphological development, mode of ori-
gin, resource potential, and natural environmental char-

acteristics. The science opportunities for the Mars Ex-
pedition, while similar in theme to those of Mars Evolu-

tion, are limited in scope due to a surface stay time of 20
days.

Section 3, Human Exploration Case Studies

Potential investigations span the science disciplines and
include geological and geophysical studies, the study of
rock and sediment composition, distribution, age (analy-
sis done in Earth-hased laboratories), the study of sub-
surface properties, hydrology, erosion phenomena, dust
mobility, cosmic ray flux, and regolith maturity.

In addition, the possibility of past or extant life on Mars
prompts exobiological studies, including the search for
exposed sedimentary deposits and associated fossils,
organic compounds, and biogenic elements. Relict lake
beds are also desirable areas to look for fossil life-forms.

A surface geophysical monitoring station measures at-
mospheric volatiles, composition, structure, spatial and
diurnal variations, and long-term temporal variations.
The monitoring stations also collect data on winds,
clouds, dust storms, and dust density and composition.
Other studies made by a surface station include cosmic

rays, magnetometry, heat flow, and passive seismology.

The Mars lander provides the only pressurized labora-
tory during the Mars Expedition. For this reason, any-
thing more than rudimentary geochemical/exobiologi-
cal analyses will be performed on Earth. Remote sens-
ing from the rover using an electromagnetic sounder will
providesome informationon localresourcesinsupport
ofresourceevaluationofmartianmaterials.

Life sciences experiments on the surface include the

study of human performance, behavior, and physiology
in the Mars environment, and the biological effects of

Mars Expedition case study

Marstransfervehicle

Marsexcursionvehicle

Earthcrewcapturevehicle

Trans-Marsinjecdonstage

Semi-autonomousrover

PhaseA

['_ PhaseB

i PhaseCJD

Voar

1'7" 

,,i

Legend

IWITITITI Flighttestprogram • Datedeliveredto LEO

On-orbitmating Z_ Launchdam

Systemverification

I °1 1°21

•rrnm

•rm-n

• 0n'm

Mi_dontlmelirm

Figure 3.3.1-2.- Mars Expedition development and mission schedule.

3-49



OEXPTechnicalReport,FY1989,VolumeI

radiationand dustfrom a short-termMars stay,using

limitedinstrumentationwithintheMars lander.

Sincethetraveltimebetween Earthand Mars islong,

significantscienceinvestigations,referredtohere as

"cruisescience,"would be done en route.Inparticular,

studiesofhuman responsetoradiationand themicro-

gravityenvironmentand observationsofhuman physi-

ology/psychologywould be conducted.Inaddition,a

full suite of particles and fields experiments would be

possible, including observations of the solar wind, the
Sun, cosmic rays, and gamma-ray and X-ray bursts.
Astronomical observations could be conducted at opti-

cal, IR, and UV wavelengths.

A more detailed treatment of science opportunities is
included in Volume VI of the FY 1989 Exploration Stud-

ies Technical Report.

3.3.2.2 Strategy

The Mars Expedition case study allows 30 days in the
Mars system, 20 days on the Mars surface, and three
crewmembers to the surface. The basic strategy for

accomplishing the science objectives is described below.

While on the surface, the crew (1) conducts geologic and

geophysical observations near the landing site on foot
and by rover, collecting rock, sediment, and exobiology

samples; (2) deploys instrumentation for short-duration
experiments that will be completed before the crew
leaves the surface (seismic tests, atmospheric balloons

and rockets, microbe/bacterial/plant organics exposure

tests); and (3) deploys instrumentation to be left on Mars
for later study and analysis to measure martian proper-

ties and processes that can be monitored from Earth on
a long-term basis; i.e., a geophysical/atmospheric sci-
ences station.

The science payload includes:

a. Instrumented manned unpressurized rover

b. Visible/IR imager (close-range telescope and cam-
era)

c. Geologic exploration equipment (hammers, shovels,

scoops, rakes, sieves, tongs, optical and CCD cam-
era, shallow coring device, drive tubes, trenching

instruments, penetrometer, sample bags, etc.)

d. Portable geophysics traverse package (shallow seis-

mic experiments, traverse magnetometer, gamma
ray, neutron, visible and near IR spectrometer, mass

spectrometer, electromagnetic sounder.) --_

e. Geophysical/atmospheric station

f. Meteorological balloons (4)

g. Biomedical laboratory instruments (health mainte-
nance, observations, experimental testing)

3.3a.3 S fa e Saenc, sc,, o

This discussion illustrates how the science objectives
could be reasonably executed on the martian surface.
The description provides some operational scope and
reality to the science mission in terms of objectives, stay
time, EVA limits, crew time, and surface vehicle availa-

bility.

The landing site is a starting point from which the op-
erations can commence, in order to scope the activity.

Although the chosen site is a valid candidate, it was se-
lected as typical and does not imply advocacy.

The example Mars Expedition landing site is near the

equator at 8.3 degrees south latitude and 44.2 degrees
west longitude in an area known as the Ganges Chasma.
Spectacular landslides, some enormous, occur along
most of the chasma walls. The landing site area pro-
vides an opportunity to sample material from the land-
slides from each of the north and south chasma walls,

thereby providing valuable stratigraphic cross-sectional
information regarding the geological structure and his-
tory of Mars formation.

The first 6 days after landing, the crew remains in the
lander to acclimate from zero-gravity trans-Mars flight
to the Mars surface gravity, which is approximately one-
third that of Earth. During this 6-day acclimation pe-
riod, the crew will perform a series of very important
tasks:

a. Immediately upon landing, they deploy a rover that
the crew operates remotely. The rover supports the
inspection of the lander for any structural damage
and/or Mars surface stability conditions that may
necessitate an abort to orbit and collects a contin-

gency soil and rock sample.

b. The crew photographs the Mars terrain through the
lander windows for documentation purposes in the
event that an abort is necessary before crew surface
activity commences.

c. The crew takes a series of photographs from the open
hatch in top of the lander, producing a panorama of
the martian landscape under different sunlight con-
ditions.

d. From the open hatch on top of the lander, the crew
will take a series of photographs and infrared meas-
urements of the top sections of north and south can-
yon walls under different lighting conditions.

On the_ninthday,thec_w exitthelanderfortl_rfirst

EVA tocheckthestructuralintegrityand surfacestabil-

ityofthelander,collectmore contingencysamples,and
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deploy the Mars surface experiment package. The pack-
age is composed of a set of geophysical instruments to
measure the surface and subsurface properties of Mars
and a set of instruments to measure the atmospheric
properties and meteorological conditions of Mars.

Section3, Human Exploration CameStudies

During their stay on the surface, the crew also deploys
four meteorological balloons. The balloons carry a small
lightweight instrument to measure the temperature,
pressure, wind direction, and wind velocity of the Mars
atmosphere as a function of altitude.

Four EVAs using the rover are dedicated to performing
geological sampling and mapping of the martian sur-
face. The first geological traverse is to the North Chasma
Wall Landslide, then to the South Chasma Wall Land-
slide, then to the east to a boulder and a crater and their

respective wind streaks, and finally to the west across a
dunes field to a couple of large boulders. A geologic
map of the landing site area showing the traverses and

their direction, distance, and number of samples col-
lected is shown in figure 3.3.2-1.

3.3.3 Transportation Systems

North Wall Landslide
Traverse Traverse
number distance (kin)

1 3.5

2 4.0

3 5.0

East- Boulder- Crater

Traverse Traverse Number ot
number distance (km) samples

1 6.0 19

2 3.0 10

3 5.0 16

Number el
samples

14

16

18

Soulh Wall Landslide
Traverse Traverse
number distance (kin)

1 3.0

2 2.5

3 3.5

4 6.0

West- Dunes- Boulders

Traverse Traverse
number distance (krn)

1 9.6

2 9.6

Transportation systems for the Mars Expedition case
study are designed to achieve a human landing on Mars
at the earliest feasible opportunity. The vehicles accom-
modate a three-member crew transferring to Mars with
a free Mars flyby abort capability. The vehicles do not
use artificial gravity, and the crew enters Earth's atmos-
phere directly on the return leg. Aerobraking is utilized
for entry into Mars orbit and for landing on the Mars
surface. This case study assumes an all-up configura-

tion that uses a single, expend-
able Mars transfer vehicle,

which is launched empty but
o intact to LEO with an HLLV.

Boulder

Number 0t

samples
11

8

11

18

Number ol
samples

24

24

Figure 3.3.2-1.- Mars Expedition Ganges Chasma landing site geology
exploration.

3.3.3.1 Elements and Systems

Transportation elements and
systems include ETO systems
and space transfer vehicles. For
this case study, the Mars trans-
fer vehicle (MTV) is assumed

to perform the transfer from
Earth orbit to Mars orbit. To

deliver the MTV to Earth orbit,
six HLLV launches are re-

quired. One flight brings up
the MTV without propellants,
and the other five deliver the
trans-Mars and trans-Earth in-

jection stages and propellants.
On-orbit activities include pro-
pellant transfer to the four
trans-Mars injection stages and
the trans-Earth injection stage,
and connection of these stages
to the M'IV.

The MTV is designed to carry
three crewmembers from Earth
orbit to Mars orbit. The vehicle

is shown in figure 3.3.3-1. The
MTV does not provide artificial
gravity and uses LI_/LOX
chemical pi'opulsion. Four
trans-Mars injection stage
(TMIS) modules are needed to

inject the MTV into Mars orbit.
Upon entering Mars orbit, the
MTV utilizes an aerobrake
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Mars transfer vehicle Drymass(t) 72.3

Payloadcapacityout(t) 38.6

Payloadcapacityback(t) 6.6
Propellantcapacity(t) 123.9

Maximumwetmass(t) 234.8

.- :..l_iiiiiiiiiiiii_!_i:'i!_!ii!i;iit|iii_-'.':i.:'._!i!ii'!i!ii_!.:!s_

-4__
:!i!i!i!i!i!i!:_i_i!i_,_!i!iiiiil!ili_i,-'_:_!:!:i::':_:_:!:iit

_ "--'1_:::::::::::::'_:::::::::::::::,::::::_::_s:_s,<_:: Engines:Thrust:
Isp:
Number:

Aerobrake
L/D = 1.0

SSME/HER
2,366kN
470 sec.
4

Mars excursion vehicle

Do/mass (t) 15.0 Engines:
Payloadcapacityout(t) 4.0 Type: Shuttle-OMS
Payloadcapacityback (t) 1.0 Thrust: 160kN
Propellantcapacity(t) 13.0 Isp: 316 =too.

Number:6
Maximumwetmass(t) 32.0

Figure 333-1- Mars transfer and excursion vehicles,

(mass = 153 percent of total vehicle mass) for capture
into a 500-krn drcular Mars orbit. Once in Mars orbit,
the aerobrake is jettisoned The MTV is designed to

spend 30 days in Mars orbit.

The Mars descent vehicle (MDV), shown in figure 3.33-

2, is deployed from the MTV and carries three crew to

tion case study is the HLLV capability for the ETO flights.
This case study assumes that a 140 t HLLV will be op-

erational prior to the 2004 earliest launch date. Expan-
sion of launch capability from the present STS system is

expected during the establishment of Space Station Free-
dom, and assuming the availability of the 140 t HLLV
does not seem unreasonable.

the Mars surface for 20 days. The MDV utilizes an aero-
brake (mass = 5 percent of total vehicle mass) and stored In addition to ETO enabling technology needs, several

bipropellants to land the crew and the Mars surface other enabling technologies for the MTV systems include

payload on Mars. The MDV also deploys a parachute
to reduce entry speed. At the end of the Mars surface

stay time, the crew and returning payload enter the Mars
ascent vehicle (MAV), which is attached to the MDV,
and transfer from the Mars surface to Mars orbit to ren-
dezvous with the MTV. The MAV, which uses stored

bipropellants, is shown in figure 3.3.3-3.

After the crew return to Mars orbit from the surface, they

enter the MTV. The TEIS provides the energy for trans-
fer from Mars orbit to Earth. Just prior to reentry at Earth,
the crew enters the Earth crew capture vehicle (ECCV)

and directly enters Earth's atmosphere.

333.2 Enabling Technology

A significant enabling technology for the Mars Expedi-

the following:

a. A high reliability enviro_tal control and life sup-
port system

b. Propellant tanks with low tankage mass factors and
low boiloff rates to reduce mass requirements in LEO

c. Propellant transfer in LEO capability

d. Remote rendezvous and docking capability in low-
Mars orbit

e. High lift-to-drag ratio aerobrake for Mars aerocap-
ture

f. Mars landing and hazard avoidance systems

g. Short-range forecasting technology for warning of
solar flares (needed for pre-EVA activities).
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4.$m x 4_mdiL /

8.5m x 8.4mdi8.
H,_ut mdu_ (_;ee ot kmtrN_kq

2.7m x 4.6mclio. ]

Side view

Psyk)ad mass
(includesMLMM andequipment) 10,000 kg

Payload volume
MAV

(cone - 2.4 m di8., 2.4 m hL) 6.3 m3
HAG module

(cylinder- 4.6 mdta., 2.7 m hr.) 44.9 m3
Propulsionsystem, doscent

Propellanttype MMH/N204
Engines

number 6
type Shuttle-OMS
mass (eich) 134 kg
IPrust(total) 160 kN (36 klbQ
lep 3.1 kN-s/kg

Propellantmass 6,600 kg
Tank mass 200 kg
Terminal T/W 0.55 g

Total mass 35,200 kg
Top view

Figure 3.3.3-2.- Mars descent vehicle (M'DV).

/ X 2.4m x 2.4india. /

4.3m x i.3 m dkL

Side view Top view

Payload mass to LMO 2,100 kg
Payload volume

(cylinder. 2.4 m dia., 2.4 m hr.) 3.6 m3

Propulsion system

Propellant type A-S0/N20 4
Engines

number 1
type Ap_Io-CSM
mass (each) 373 kg
thrust (total 91.3 kN (20.5 Idbf)
Isp 3.08 kN-s/kg

Propellant mass 8,690 kg
Tank mass 340 kg
InitialT/W 0.69 g

Total mass 11,163 kg

Figure 3.3.3-3.- Mars ascent vehicle (MAV).
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3.3.3.3 System Alternatives

The split/sprint mission was specified in the SRD, and
the major relevant trade is the all-up versus split/sprint
approach. Mass in LEO savings were actually achieved
by using the all-up strategy. This savings occurred for
two reasons: first, the decision was made, from a crew/

mission safety point-of-view, to remove the fueled TEIS

from the cargo vehicle and place it on the piloted (sprint)
trajectory. This decision was made because it was felt
that the Nation would be unwilling to send a piloted
crew to Mars without also sending along their means of
return to Earth with them. Once the large mass TEIS is
removed from the cargo flight and put on the piloted
flight, the mass advantages of splitting the missions
become very questionable. Second, the so-called "sprint"
trajectory at last year's studies had a round-trip flight
time of 440 days. By using an increased round-trip flight
time of 500 days, the TMI propulsion requirements are
significantly reduced, almost to the point of a conjunc-
tion-class mission. The two factors, when coupled to-
gether, actually give the all-up approach a mass in LEO
benefit over the split/sprint (825 t for split/sprint ver-
sus 776 t for all-up).

33.4 Orbital Node Systems

The ground rules for the Mars Expedition case study
specified that no orbital assembly would be required.
Therefore, the case study requirements of Space Station
Freedom were limited to providing the capability to
qualify life support systems for long-duration flights and
access to Freedom's existing capabilities, provided that
the Mars Expedition requirements are compatible with
Space Station Freedom.

3.3.5 Planetary. Surface System8

The surface elements to support a Mars Expedition re-
spond to system requirements and mission objectives.
Since this case study assumes a single mission with lim-
ited surface stay time, the requirements are less strin-
gent than those for the Mars Evolution case study.

33.5.1 Elements and Systems

Habitation. Since the crew's stay on the martian surface

will be only 20 days, there is no need for a dedicated
habitation facility. During the expedition, the crew re-
sides in the Mars excursion vehicle (MEV), specifically
the descent portion of the vehicle.

_VA S_tems. The exploration of the landing area ne-
cessitates frequent EVAs for purposes of deploying sci-
entific instruments, collecting samples, scouting the ter-
rain, and documenting the occasion. An extravehicular
mobility unit (EMU) consisting of a pressure suitand

portable life support system (PLSS) developed specifi-
cally for the martian environment is central to the EVA
system. EVA systems are further enhanced with Shuttle-
type hand tools and an unpressurized rover for local area
access.

Life Suvvort S_tems. Life support for the crew while per-
forming intravehicular activities on the surface is pro-
vided by the MEV. As stated above, EVA life support is
managed by the PLSS associated with the EVA systems.

Thermal Control Supreme. Like the life support systems,
the thermal control systems for surface habitation are
provided by the MEV, whereas the EMUs contain inter-
nal thermal control mechanisms.

Radiation Protection. The inherent protection offered by
the martian atmosphere prevents the galactic cosmic rays
from being a significant radiation threat. Artificial ra-
diation shielding is not deemed necessary.

Power. An external power source is not required for the
expedition operations. The MEV supplies power for
habitation support while the crew is on the surface.

Assembl_/ and Constructi(_. The operations defined for
the 20-day Mars Expedition do not require assembly or
construction of surface infrastructure.

_urface Trans_rtation. In order to enhance the explora-
tion capability of the three-person team, an unpressur-
ized rover is manifested as surface support equipment.
The rover provides crew mobility for scientific equip-
ment deployment, including meteorological balloon
launches and atmospheric station set-up. The four-
wheeled vehicle selected resembles the Apollo rover.
The rover's payload capacity includes two suited crew
'and 500 kg of payload or three crewmembers with a

lesser payload.

In Situ Resource Utilization. The objectives of the Mars
Expedition case study do not include utilizing the local
resources.

.Launcharid Landing $¢rvices. The Mars Expedition mis-
sion consists of a single MEV landing at the Ganges
Chasma. The landing vehicle is characterized as a self-
contained, expendable vehicle with both ascent and de-
scent stages. All launch and landing requirements,
whether navigation or thermal control, are met by the
MEV hardware.

User Accommodations. The accommodations offered to

the science community are basically all the surface sys-
tems selected: EVA systems, unpressurized rover, and
assembly hand tools.

v,_
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Telecommunications. Navi_tion. and ln_rmation Mana_e-
merit. Dedicated communications equipment is not con-
sidered for surface support. Instead, communications

capabilities are built into certain systems. Such systems
include the lander, unpressurized rover, the EMUs, and

remote science instrumentation. Separate equipment for
surface communications is not required.

3.3.5•2 Technology Needs

The transient nature of the Mars Expedition surface
systems means that technological advancements are
unnecessary in many areas. Two areas, however, are
identified where advancements in technology would
provide improved technical performance: dust contami-
nation control and EVA systems. A method of easily
and effectively controlling and removing dust from
EMUs, aiflock seals, and other systems is required.

To meet the EVA requirements of the Mars Expedition,
martian EMUs and portable life support systems must
be developed. Technology development must empha-
size minimal expendables, mass, and volume. A critical
technology need is reduction of consumables, as trans-

portation of consumables directly reduces the amount
of other payloads that can be delivered.

Section3, HumanExplo_Uo_ _ Studies

3.3.5.3 System Alternatives

Many studies we/e carried out to select the surface sys-
tems used in this case study. In Volume III of this An-
nual Report, Section 5 (Distributed Studies of Equipment
and Subsystems) discusses in detail the designs and
characteristics of planetary surface systems.

3.3.6 Synthesized Mission Manifest

The Mars expedition mission requires the following
major systems:

a. Interplanetary piloted vehicle

b. Descent vehicle

c. Ascent vehicle

d. Trans-Mars injection stage

e. Trans-Earth injection stage

A complete manifest is provided in figure 3.3.6-1. The
first ETO flight transfers the piloted vehicle without the
TEI and TMI stages attached. The next five ETO flights
transfer the TEI stage, four TMI stages, and propellant.
The Shuttle launch carries the three-person crew.

2004 Dry mass Wet mass
i -- (t) (t)

ETO 1

MEV(wl_PA.)
IMM
ECCV
Aerol0mko

TEl stage (dry)
0unv)

Consum_ 8.8

ETO 2

Prope41ent 45,0

ETO 3

TMI stage (dry) 12.6
Prop_lent 140.0

ETO 4

TMI smoe (dry) 12.8
Prop_lent 140.0

ETO 5

TMI stage (dry) 12.6
Propellent

32.0

5.6
26.0
16.3

109.9

ETO 0 }
TEl stage (dry) 12.8

Prop_lent _ _

Marstransfervehicle
Mare
(t)

Mars surbce payload 3.0

MEV 2g.0

Crew 1.0
IMM 26.0
ECCV 5.6

Aerobrake 30.0

Consumables (trenrJt) 8.8
4 TMI s_ges (dry) 50.4
TMI propellant 400.7
TEl stage (dry) 16.3
TEl propellant 94,2

O_er pmp_kmt 20.0

Dry mass 181.3
__end 614.6

pmma_u_

J

Payloaddeliveredto
Mars surface

Sor/eco science" 3.0

3 cmw/EMUo 1.0

4.0

• Inokatedmanned,
Unlp_Xmur_ed_r.

Figure 3.3.6-1.- Mars Expedition manifest (500 km circular Mars orbit)•
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3.4 CASE STUDY SUMMARY

The FY 1989 case studies continued the process of as-

sessing approaches and alternatives for expanding
human presence into the solar system. The case studies
described in the previous sections were developed to
identify issues for further study, and do not represent
recommended implementations. For example, the use
of on-orbit assembly for this year's case studies assessed:

(a) no assembly (Mars Expedition), (b) assembly at Space
Station Freedom (Lunar Evolution), and (c) assembly at

a free-flying fixture (Mars Evolution). The purpose of
each was to determine the implications of the concepts
and was not intended to recommend one option over
the other.

This year's Mars Expedition case study complements last
year's Human Expedition to Phobos and Human Expe-
ditions to Mars case studies. The primary objective of
both studies was to define the requirements for sending
humans to the martian system at the earliest feasible date,
and the nuances of landing either on Phobos only, or

proceeding directly to the Mars surface. Last year's

Lunar Outpost to Early Mars Evolution case study as-
sessed an evolutionary exploration approach by first
estab 'hshing a lunar outpost and then proceeding on to
developing a Mars outpost. However, last year's study
did not consider the lunar element as a separate, perma-

nent evolving outpost. This year's effort explored this
concept in more detail by studying two separate evolu-
tionary paths, one for the Moon and one for Mars. Both
case studies evaluated an evolving outpost in its entirety.

As stated before, none of the case studies should be con-
sidered an exploration strategy proposal. Rather, it was
the goal of the FY 1989 exploration studies to develop a
database from which subsets, or individual pieces, from

the different case studies could support a defined space
exploration approach. However, certain basic compo-
nents of an exploration initiative are independent of the
target or mission sequence, such as the need for a heavy
lift launch vehicle, the need for expanded on-orbit op-
erations, and the need to resolve a number of life sci-
ences issues. A second goal of the case studies approach

was to establish requirements for the identification and
resolution of these independent issues.
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SECTION 4

Supporting Infrastructure

Description

All human exploration program flights (and/or mis-

sions) will originate, terminate, and be supported on
Earth and/or in Earth orbit. In addition to the techno-

logical and scientific capabilities needed to expand
human presence beyond Earth orbit, the human explo-
ration program will require a supporting infrastructure
to provide capabilities and services for establishing and
maintaining a functional link to Earth. Significant com-
patibility and synergism between human exploration

program plans and those of the NASA programs/proj-
ects that provide the supporting infrastructure are es-
sentiai.

The exploration program supporting infrastructure will
provide the required Earth-to-orbit and Earth-orbital
transportation services, permanently manned Earth orbit
facilities and services, and TNIM (telecommunications,

navigation, and information management) support serv-
ices as appropriate. The following sections describe the
plans for the development of this infrastructure.

4.1 EARTH-TO-ORBIT TRANSPORTATION

This section summarizes the Earth-to-orbit (ETO) trans-

portation requirements for the exploration case studies.
The systems to support these case studies may not rep-
resent the optimum solution from the perspective of
overall national needs; however, they provide a basis
for identifying many issues and trades associated with
ETO transportation. Numerous Earth-to-orbit launch
vehicle concepts can support the FY 1989 case studies.
These concepts range from current systems (Space
Shuttle, expendable launch vehicles), to derivations of
current systems (Shuttle-C, Shuttle-Z), to new classes of
launch vehicles (advanced launch system (ALS), heavy
lift launch vehicle (HLLV)). The actual launch vehicle(s)

used for human exploration could be any one of these

or a combination of them. The launch/on-orbit proc-
essing study (see section 6.7) provides additional infor-
mation on selection of the proper vehicle/vehicle mix
to support the exploration missions.

4.1.1 Launch Vehicle Characterization

Section4, SupportingInfrastructureDescription

sion cargo, vehicles, and propellant. Large payload
shrouds are required for delivery of the reusable space
transportation vehicles, whereas smaller shrouds are
sufficient for cargo and propellant deliveries. In addi-
tion, delivery to low-Earth orbit of the space transporta-
tion vehicles occurs less frequently, as compared to cargo
and propellant delivery, due to the multiple mission life
of the reusable systems.

Figures 4.1.1-1 and 4.1.1-2 show some of the Earth-to-
orbit launch vehicle concepts considered. Choosing the
optimum ETO transportation system involves numer-
ous trades and considerations. These include, but are

not limited to, the ETO delivery requirements, flight rate,
on-orbit assembly capabilities, ground and space opera-
tions, current flight systems and technologies, resource
requirements, and launch facility requirements. The
Earth-to-orbit vehicle assumed for detailed analysis is
designated HLLV for generic heavy lift launch vehicle.
This vehicle differs from those utilized in the MASE-

developed integrated mission descriptions for the Lu-
nar and Mars Evolution case studies (see sections 3.1 and

3.2). The HLLV may require larger initial costs but

provides a good starting point for driving out the trades
associated with ETO transportation. In addition, this

single vehicle satisfies the initial SRD requirements for
all three FY 1989 case studies. The characteristics of the

HLLV, its associated ground operations, and its facility
requirements are discussed below.

HLLV Description. The vehicle chosen as the baseline

ETO vehicle is referred to generically as a heavy lift
launch vehicle (HLLV), and is illustrated at the far right
in figures 4.1.1-1 and 4.1.1-2. (This vehicle is discussed

in detail in NASA Technical Memorandum 86520, Heavy
Uft Launch Vehicles for 1995 and Beyond.) The liquid rocket

boosters (LRBs), called half-stages or substages, consist
of four LOX/RP-1 tankset assemblies. At the base of

each tankset, there is either a single or a dual engine

arrangement; that is, the four tanksets incorporate two
dual-engine and two single-engine sets of Space Trans-
portation Booster Engines (STBEs), for a total of six
STBEs.

The four boosters are located at 90-degree separation
angles around the first stage LOX/LH 2 tanks (the core).

At the base of the core, there are five LOX/LI-_ Space
Transportation Main Engines (STMEs) with two posi-
tion, high-altitude, high-expansion ratio nozzles.

The SRD requirementsforallthreecasestudiesstipu-

latedthatthe Earth-to-orbittransportationsystem be

capableofliftingatleast140tofcargotoaSpaceStation

Freedom compatibleorbit.Thissystem must alsoac-

commodate payloadsas largeas123 metersindiame-

terand 25metersinlength.Thispayloadincludesmis-

All 11 (five first-stage core and six half-stage booster)
engines are ignited on the ground and are burned in

parallel until booster propellant depletion and staging.
The LOX/LI-I 2 core engine nozzle skirts are extended
and continue to burn to propellant depletion at orbital
insertion.
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Figure 4.1.1-1.- Lunar Evolution Earth-to-orbit launch vehicle concepts.
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Figure 4.1.1-2.- Mars Evolution and Expedition Earth-to-orbit launch vehicle concepts.
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The HLLV has a payload shroud 61 meters in length and
15 meters in diameter and will lift 157 t to the specified
orbit. Both shroud size and lift capacity exceed SRD
requirements, satisfying the required usable payload
acconmuxiations and providing a robust vehicle with a
wide performance margin. The crew delivery require-
ments were assumed to be satisfied by the Space Shuttle.

Ground Ov_ations. Because the HLLV is a new concept,
its development provides an opportunity to improve
launch-s/te ground processing. These improvements can
be realized by incorporating ALS-type hardware tech-
nologies, advanced hunch-site processing concepts, and
a totally new infrastructure. The HLLV launch scenario

incorporates the integrate/transfer/hunch (ITL) ap-
proach with a central facility for vehicle and payload
integration and a mobile launch platform (MLP) for
transporting and hunching the vehicle.

The operations flow for the HLLV is illustrated in figure
4.1.1-3. The components of the vehicle are delivered by
barge to the launch site. The LRBs are processed in a

horizontal processing facility (HPF'), with two large
processing areas; one is required for normal operations,
the other provides a capability to accommodate surge

Section4, Suplxa_ 8 Infrastructure Description

requirements. After final checkout, each LRB is moved

to the Vehicle Integration Building (VIB) and stacked on
the MLP. After all four boosters are stacked, the core

segment, which has been concurrently processed in the
Core Assembly Building (CAB), is towed to the VIB and

mated with the LRBs. Following payload checkout

operations and payload/shroud integration, which are
also conducted in parallel with other operations, the
integrated payload assembly is moved to the VIB and

mated to the core. At the conclusion of integrated test-
ing and hypergolic propellant loading (if necessary), the

vehicle is rolled out to the pad where final checkouts,
cryogenic and RP-1 propellant loading of the vehicle,

and propellant loading of the spacecraft/payload are
performed prior to hunch. Figure 4.1.1-4 shows pro-
jected timelines for these tasks.

Manpower required to support a peak HLLV launch rate

of nine per year was estimated parametrically using the
KSC Ground Operations Cost Model. This estimate,

which assumes mixed fleet operations with an STS flight
rate of 14 per year, indicates a need for approximately

4,000 people. The current SIS requires the support of
approximately 8,600 people.

Cargo integration facility
(CIF)

Core assembly building
(CAB)

LRB horizontal

processing facility (HPF)

Core

1 LRB

Vehicle
integration

building
(VlB)

Launch
control center

(LCC)

Figure 4.1.1-3.- HLLV processing flow (integration/transfer/launeh).
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V On dock KSC

CAB J "_¢ 20-40

f

11

I Core vehicle processing

VIB operations

ZI._ Core move to VIB

6 l 7 /LRB/Core mate and closeouts

/,

/_.r_ Payload/shroud mate to vehicle

_¢ 10-20 Vehicle�payload

3J LRB
processing Move to pad /

HPF[

I 3

Pad ops

integrated ops

Legend: Processing days _ Advanced
I-_'_ _'_ (3 shifts/day) technologies

Figure 4.1.1-4.- HLLV processing fimeline.

Facili__ R_quirements. Two factors significantly impact

the utilization of current launch facilities in support of
the OEXP case studies. First, the size of the HLLV would

make it impractical to utilize the existing STS facilities.

Second, the lack of similarity between HLLV and STS

flight elements would make redesigning the launch hard-

ware for dual processing capability difficult, if not im-

possible.

A study ground rule stipulates that the HLLV facilities

and ground systems must preclude a single catastrophic

event from causing long-term disruption of ETO flight

operations. Therefore, two universal launch pads (ULP)

and two MLPs must be provided. A second VIB high-

bay is provided to assure ground processing capability
in a multi-flow environment.

The facilities required to support the case studies with

the stipulated launch vehicle and the total capacity of
each facility are depicted in figure 4.1.1-5. Because the
facility analysis assumes incorporation of advanced tech-

nologies in the flight and ground hardware, the HLLV
processing systems afford a large growth potential.

The launch site development plan reflects an imple-

mentation for the introduction and integration of a new
ETO launch vehicle (HLLV) into a mixed fleet environ-

ment. The plan assumes an FY 1992 decision to pro-

ceed, and consists of three non-autonomous phases:

(1) activation, (2) transition, and (3) operations. The

activation phase includes end-to-end implementation of

the first line facilities required to support the ETO launch

vehicle and initial launch capability (ILC), and the second

line facilities that are required as the ETO flight rate

ramps up. The operational phase extends over the

program duration, beginning with support to the

activation design development, continuing with staffing

and training, and concluding with full operational

capability supporting a sustained ETO flight rate.

4.1.2 Pro_am Development

The HLLV development is expected to be similar to the

development of the Saturn or SIS launch vehicle sys-

tems. Development of the vehicle can be approached

either directly or in an evolutionary fashion. A typical

top-level schedule for direct development of a new

launch vehicle system is illustrated in figure 4.1.2-1. It

indicates that the earliest IOC would occur 8 years after

authority to proceed. The evolutionary or derivative

path approach would require a longer period with the

actual development time depending on the selected evo-

lutionary path. The HLLV launch site implementation

schedules for the Mars Evolution and Mars Expedition

case studies are shown in figures 4.1.2-2 and 4.1.2-3.
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SecU_n 4, Suppoz_g lnlrasmacture Description
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• Facility/GSE modifications, maintenance,

and anomalies must be worked
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Figure 4.1.1-5.- HLLV facility capabilities beyond 2000.
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Figure 4.1.2-1.- HLLV development schedule.
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Figure 4.1.2-3.- Mars Expedition launch site implementation schedule.

4.1.3 Technology Development 4.1.4 Summary

A new launch vehicle program could take advantage of
new and emerging technologies to improve both HLLV
processing and flight hardware. Recent study programs,
such as the Space Transporatation Architecture Study,
Advanced Launch System (ALS), and the Space Trans-
portation Infrastructure Study, have identified launch
vehicle systems technologies with the potential for the
greatest payback. For ground systems, these technolo-
gies include automated manufacturing processes, auto-
mated test and checkout, advanced facility design con-
cepts, and automated or "papefless" administration.
Vehicle technologies include advanced materials (such
as aluminum lithium and advanced composites), ad-
vanced avionics, and automated diagnostics.

The technologies mentioned above are applicable to the

HLLV; however, further definition of the technologies
is required to determine realistic development sched-

ules. As the availability dates of these technologies
become better known, those compatible with the HLLV
schedule can be targeted for incorporation into design.

A launch vehicle to support the OEXP case study require-
ments has been defined. The support operations, devel-
opment schedules, and technology requirements have
been identified. The analysis of the case studies shows
that they are achievable, given a launch vehicle of the
stipulated capabilities. The Lunar Evolution case study
has the lowest schedule risk, but it may not even require
a vehicle with the capability of the HLLV. The Mars
Evolution case study has moderate schedule risk and
requires delivery of large heavy payloads, but has the
potential for long-term underutilization of the launch

vehicle systems. The Mars Expedition case study has
the highest schedule risk and would severely underutil-
ize the launch assets if no follow-on missions were

planned.

Issues that should be addressed in the future are:

ETO Vehicle Selection and Operational Scenario. The
launch/on-orbit processing controlled trade study (dis-
cussed in section 6.7) has identified other vehicles and

4-7



OEXPTechnicalReport,FY1989,VolumeI

vehicle combinations that may be more efficient in sup-
porting specific mission needs. The Shuttle-C and a
propellant tanker concept and the Shuttle-Z (or other
derivatives) may be attractive alternatives for the Lunar

and Mars Evolution case studies. Introducing and as-
sessing the potential applicability of these vehicles will
require better insight into on-orbit operations, propel-
lant transfer, and propellant storage in space.

On-Orbit Trans_rtation. In this analysis, all on-orbit
transportation was accomplished by the orbital maneu-
vering vehicle (OMV). However, given the volume and
mass of many planetary payloads, the OMV capability
will require considerable upgrading. Future analysis is
needed to develop more insight into the on-orbit trans-
portation requirements.

Mission Requirements. This analysis has focused solely
on the OEXP case studies, without considering other na-
tional mission requirements during the same time pe-
riod. Future analyses, incorporating other civil and DoD
mission requirements, will provide more insight into the
true ETO needs during this time period. This analysis
should identify the synergism between various sets of
mission requirements.

4.2 SPACE STATION FREEDOM

4.2.1 Role of the Office of Space Station in Human
o

This section contains the Office of Space Station's (OSS)
assessment of the impact of case study requirements on
the Space Station Freedom program. Detailed assess-
ments of the implications of supporting the OEXP case
studies and implementation plans required to accom-
modate the various lunar and Mars transfer vehicles,

orbital support equipment, payloads, and additional

support infrastructure are discussed below. Preliminary
approaches for implementing the exploration require-
ments include deriving systems concepts and develop-
ing formal growth requirements for the baseline Free-

dom Station. A small-scale advanced development
program has also been inaugurated. Long-range plan-
ning mechanisms have been set in place to ensure that
Space Station Freedom can co-evolve with the overall
space infrastructure needed to support human explora-
tion over the next 30 years.

To gain a better understanding of the relationship and
interaction between Space Station Freedom and other

program elements (e.g., ETO vehicles, lunar and Mars
transfer vehicles, propellant storage/transfer methods),
the use of Freedom was varied between case studies to

range from heavy involvement (such as space-basing and

processing of transfer vehicles) to minimal life sciences
support.

It is important to note that the Space Station Freedom
baseline configuration used in this section is consistent
with the baseline as defined in the January 1989 to July
1989 timeframe. Therefore, this baseline configuration
does not reflect any of the Freedom rephasing activities
conducted after August 1989.

4.2.2 Space Station Freedom Transition Definition

Program Support

A Transition Definition element has been established

within the Space Station Freedom program to define and
prepare for Freedom Station's evolution to meet the

needs of users and long-term national goals. Prelimi-
nary plans that will satisfy eventual accommodation of
exploration missions at Space Station Freedom address
technical performance levels, schedule milestones, and
budgetary requirements. Technical emphases will be
placed on refinement of evolution concepts, definition
and incorporation of baseline design accommodations
(hardware "scars" and software "hooks"), and develop-
ment of technology readiness to enhance the baseline
and enable evolution of Freedom. The study plans in
these areas are formulated to answer certain key ques-
tions fundamental for developing Freedom Station to
serve as the transportation node for human exploration
missions.

The milestone chart in figure 4.2.2-1 forms the basis of
this planning. The chart reflects the fact that the Transi-
tion Definition program is the bridge between ongoing
NASA planning and technology development programs
and the Space Station Freedom development program.
All the evolution milestones for the next 3 years are tied
to the baseline program milestones.

The added functional capabilities required of a trans-

portation node mean that the additional baseline design
provisions must be identified to enhance and enable evo-
lution. In this instance, evolution from the baseline can

occur on-orbit through the addition of new hardware
and/or the insertion of improved technology. The
baseline preliminary design review (PDR) is realistically
the last opportunity to change the design of Space Sta-
tion Freedom; therefore, system impacts must be well
understood by the time it is completed. Additions or
changes made after PDR will most likely result in addi-
tional program costs and potential hardware element
delays. Phased PDRs are distributed over nearly a year's
time, with some systems PDRs (i.e., data management
system) beginning in December 1989, whereas the Space
Station PDR starts in mid-1990.
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Figure 4.2.2-1.- Space Station Freedom evolution milestones.

4.2.3 Lunar Evolution Case Study

4.2.3.1 Case Study Requirements

A major utilization of Freedom's functional capabilities
and resources was specified for the Lunar Evolution case
study. The nature of the requirements (see table 4'2.3-I)

will directly impact the evolutionary growth planning
of Space Station Freedom. A detailed assessment of vari-
ous growth concepts for both initial Lunar Evolution mis-
sion objectives and manifests and advanced mission
requirements is provided below.

4.2.3.2 Space Station Freedom Growth

Growth configuration analysis (detailed below in sec-
tion 4.2.3.3) defined the time-phased evolution of Space
Station Freedom shown in table 4.2.3-II. The evolution-

ary growth is divided into two major phases that corre-
spond with the evolutionary nature of the case study.
The first phase, which is represented by growth deltas 1
through 6, can accommodate the first several expend-
able lunar transfer vehicle (LTV) flights. Once the LTVs
become reusable, an increase in functional capabilities
and resources will be required to store and process both
the LTVs and their payloads. The operations, facilities,

and resources required to accommodate the lunar mis-
sion elements (e.g., LTVs, payloads, mission crew, etc.)
are discussed below.

Table 4.2.3-III shows the current resource requirement
recommendations.

The growth rate is a direct function of available ETO lift
capability. Figure 4.2.3-1 shows when the two evolu-

tion phases must begin to meet the stated mission objec-
tives. In addition, a top-level assessment of the mani-

festing of ETO launches required to achieve the final
growth delta is shown in figure 4.2.3-2 for both an

Advanced Solid Rocket Motor enhanced Space Shuttle

launch system (22 t to 407 km) and an expendable
Shuttle-C launch vehicle (40 t to 407 kin). As anticipat-

ed, more Space Shuttle flights are required to launch
Freedom growth hardware than if a Shuttle-C launch

vehicle were used. However, in this preliminary study,

the Shuttle-C configuration chosen is underutilized in
its available launch mass capability for a majority of
launches. This result indicates that a detailed assess-

ment of the design and manifesting of an alternative ETO
launch system to the Space Shuttle is required to opti-
mize ETO Space Station Freedom hardware launches.
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TABLE 4.2.3-I.- LUNAR EVOLUTION CASE STUDY - SPACE STATION FREEDOM REQUIREMEN'IS3

Provide capability to support advanced development systems for lunar outpost and space
transportation.

Provide capability for housing transient mission crew, support crew, and mission equipment.
- Transient mission crew: Pre-experimental phase support mission crew of 4

(Outbound) Experimental phase and beyond support mission crew of 8
- Transient mission crew: Accommodate a crew of 8

(Inbound)
Mission support crew: Accommodate a support crew of 6, for 6-month tours of duty, twice per

year
Mission equipment: Accommodate 5 metric tons of cargo

Provide space-basing accommodations to satisfy LEO traffic requirements for LTVs.

Provide the capability to store lunar mission equipment awaiting transport to the lunar system. In
addition Space Station Freedom shall provide the capability for mission equipment:.

State of health monitoring
Assembly
Integration
Check-out

Preparation for transport by LTV
Other on-orbit processing, as required

Provide capability to process space transfer vehicles on-orbit by supporting the following:
Vehicle mating/assembly and demating/disassembly

Space construction and elements of LTVs
Element and integrated vehicle on-orbit check-out
Maintenance and servicing of departed and returning lunar LTVs
Deployment and retrieval of lunar LTVs
Ground communications with LTVs (while berthed)

Provide housekeeping resources and services to LTVs and nodes
Loading and unloading of mission equipment from LTVs and/or ETO vehicles

(Maximum vehicle processing time is currently 4 months.)

Provide the capability to support on-orbit supply and resupply of:
Life support system fluids
Cryogenic and storable propellants
Mission equipment

This includes providing for:
Fluid storage
Determination of fluid quantities
Fluid transfer interface capability

Operational control

Provide debris protection for LTVs and mission equipment while resident at Space Station Freedom.

b

v,._
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TABLE 4.2.3-II.- LUNAR EVOLUTION

CASE STUDY - SPACE STATION FREEDOM

GROWTH DELTAS

Al Two 25-kW solar dynamic modules; two
25-meter transverse boom extensions;

space-based OMV and space-based OMV
accommodations

A2 Upper/lower keels and booms; utility trays

A3 One habitat module; two resource nodes

A4 Two 25-kW solar dynamic modules;

customer servicing facility phase 1

A5 Customer servicing facility phase 2

A6 Phase 1 LTV processing facility; phase 3

servicing facility (completed CSF); one

MSC; Shuttle-C docking adapter

A7 Additional lower keel and boom truss

structure; utility trays

A8 Phase 2 LTV processing fadlity (LTV

processing facility complete)

Section4,SupportingInfrastructure Descriptlon

TABLE 4.2.3-HI.-LUNAR EVOLUTION

CASE STUDY -SPACE STATION FREEDOM

RESOURCE REQUIREMENTS

Station Re_,our_

Power

Average

Peak

Crew

Pressurized modules

US habitation

US laboratory

ESA laboratory

JEM laboratory

Pocket laboratory
Resource nodes

Transver_ boom

Dual keel

Servicing facility

Power modules

Payloads

APAE

Tether payloads

Current Recommen_iatign

175 kW

NA

18

2

1

1

1

0

6

Scar for distributed systems

Scar for facility and

distributed systems

Scar for addition of power
modules at boom ends

18
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Figure 4.2.3-1.- Lunar Evolution case study: programmatic schedule for Freedom evolution.
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Figure 4A.3-2.- Earth-to-orbit manifest options for Space Station Freedom Lunar Evolution case study
growth hardware.

4.2.3.3 Growth Configuration Analysis

Several candidate evolution configuration options, as
shown in figures 4.2.3-3, 4.2.3-4, and 4.2.3-5, were ana-
lyzed using the 10 discriminators listed in table 4.2.3-IV.
The most important discriminators were controllability,
operability, and the static microgravity environment for
each option. It is desirable to have an evolutionary Space
Station Freedom that would serve primarily as a trans-
portation node, and yet provide a quiescent research and
development period when no major vehicle processing
activities are occurring. To this end, configurations were
sought that would provide all the functional capabili-
ties of a transportation node (LTV processing, propel-
lant storage and transfer, payload accommodation, etc.),
minimize operational impacts on Freedom (controllabil-
ity, reboost propellant, crew time, etc.), and still provide
a suitable microgravity environment.

To determine which configuration(s) would be most
suitable for each phase of evolution, the following analy-
ses were conducted on each configuration:

a. Generation of solid computer models using IDEAS 2
software

b. Determination of mass properties including center
of mass and moments of inertia

c. Open-loop control system sizing including secular
and cyclic momentum determination and torque
equilibrium angle (TEA) determination

d. Closed-loop control system sizing including secu-
lar and cyclic momentum determination and TEA
determination

e. Calculation of microgravity envelope

f. Assessment of orbital decay and propellant reboost

g. Analysis of Space Station Freedom growth element
and LTV/payload clearance

h. Determination of module cluster field of view

i. Determination of electrical power and thermal re-

jection

j. Characterization of structural dynamics including
system modes and forced response (only on selected
configurations)

The mass properties, open-loop control system sizing
results, and growth hardware element tables are pro-
vided in detail in Volume IV of this annual report. To

date, all the analyses used scenarios that assumed that
either part or all of the mission propellant was stored
directly on the LTVs or in a co-orbiting propellant facil-
ity. A further discussion of propellant storage implica-
tions is provided in section 4.2.3.4.

At present, only top-level comparisons and quantifica-
tion have been conducted on and between the various

evolution configurations. A detailed comparison is
required, such as using the Multi-Attribute Utility The-
ory outlined in Volume IV of this series. Even so, a
gravity-gradient stabilized configuration such as those
shown in figures 4.2.3-4 and 4.2.3-5 is a more desirable
configuration from a controllability perspective than
configuration 1, shown in figure 4.2.3-3.

Configuration 1 was designed to locate the LTV close to
the pressurized (habitable) region of Space Station Free-
dom to provide direct crew viewing during processing
operations. In addition, if EVA is required, the crew
would not have to travel a great distance from the air-
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Figure 4.2.3-3.- Configuration 1: Accommodation at Space Station Freedom for LTV verification.
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Figure 4.2.3-4.- Configuration 2: LTV accommodation at Space Station Freedom with two hangars.
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TABLE 4.2.3-IV.- SPACE STATION FREEDOM
GROWTH DISCRIMINATORS

Discriminator

Space Station
Freedom control

Structural

capability

Operational
capability

Microgravity
environment

Viewing

Main radiator
interference

Module closure

/ dual egress

Structure / ease
of assembly

Ability to
accommodate

further growth

Measures of effectiveness

TEA, CMG momentum storage
requirements
Roll magnitude to dump secular
momentum

Truss member structural integrity
under reboost loads
Controls-structures interaction

acceptability

Ability to perform all vehicle
processing requirements

Highest microgravity level in the
U.S. Lab module

TEA (affects microgravity gradient
along the Space Station Freedom
x-axis)

Stellarviewing from theJEM

exposed facilities:

Percentviewingblockage
Greatest field of view

Average swath angle

Clearance between radiator wing
and growth elements

Number and length of time with
modules having less than half
closure (racetrack) or lack of dual

egress (two ways ou0

Number of modules along the
transverse boom
Number of modules within MSC
reach

Number of free and usable

berthing ports on the final

configuration

Growth mass Total weight of growth elements
(approximate measure of cost)

lock in the event that an emergency required an imme-
diate return to Freedom. Unfortunately, this configura-

tion would operate at an extremely large torque equilib-
rium angle (TEA) impacting Space Shuttle and Space

Station Freedom docking/berthingoperations. Also, the

Freedom Station inertia properties lend themselves to

requiring an increase in the number of control moment

gyros required to accommodate the large increase in the

momentum management requirements.

Configurations 2 and 3, shown in figures 4.2.3-4 and
4.2.3-5 respectively, have LTV processing facilities lo-

cated away from the transverse boom on upper and/or
lower keels and booms. This addition of keels and booms

serves to provide a gravity-gradient stable configuration,

reducing the cumulative environmentally induced
momentum disturbances on Freedom. Although the

LTV processing facilities are farther away from the
manned modules, raising potential concerns for EVA

safety, the separation of such processing activities as LTV

fueling and payload mating from the pressurized mod-

ules provides an overall safer operating environment.

Finally, although configuration 2 provides a better static
microgravity environment than configuration 3, it is

better, from an operations standpoint, to have all the

vehicle processing facilities and orbital support equip-

ment co-located. Therefore, option 3 is recommended

as the prime reference configuration to support the Lunar

Evolution case study.

4.2.3.4 Propellant Storage and Transfer Options

Based on the data that have been generated on vehicle

and payload mass properties, the greatest concern with

accommodating the Lunar Evolution case study require-

ments is the storage and transfer of large quantities of

cryogenic fluids. Table 4.2.3-V lists the currently under-

stood vehicle mass and propellant requirements.

OSS, working with the Lewis Research Center, is pres-

ently investigating several different storage options. An

overview of three potential on-orbit storage options is

presented here, with a brief discussion of issues associ-
ated with each method. This topic also is addressed in

section 6.7 of this volume, and an explanation is pro-

vided in Volume IV. In summary, the three options are:

Method 1: Propellant storage on Space Station Freedom

a. Propellant transfer from delivery system to LTV for

storage

b. Propellant transfer from delivery system to Freedom

for storage

c. Tank transfer from delivery system to LTV for stor-

age

d. Tank transfer from delivery system to Freedom for

storage

Method 2: Propellant tethered to Space Station Freedom

Method 3: Propellant co-orbiting with Space Station
Freedom.

From a configuration assessment point of view, each of
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TABLE 4.2_V.- LUNAR VEHICLE MASS PROPERTIES AND PROPELLANT REQUIREMENTS

Component Dry(m)a_ Pro (tl_)ant Total mass(t)

Lunar transfer vehicle (LTV-C) 9.7 125.8 135.5

[_1 Transfer crew cab 9.0 9.0

LTV-P (LTV-C with a crew cab) 18.7 146.6 165.3

Lunar excursion vehicle (LEV-C) 3.4 24.9 28.3

O Excursion crew cab 3.0 3.0

C_ LEV-P (LEV-C with a crew cab) 6.4 24.8 31.2

o LEV-P payload (a) 7.6 7.6

o LEV-P payload (b) 14.9 14.9

8 LEV-P payload (total) 22.5 22.5

Crew 1.2 1.2

F'mst piloted flight(LTV-P, LEV-P, LEV-P P/L, crew) 48.8 171.4 220.2

Standby cargo vehicle
(LTV-C)

ational iloted flight
(LO_-P, LE_-_ P/L, crew)

9.7 (dry) 9.7

43.4 160.5 214.8

the storage and transfer options listed under method 1
above will have almost the same impact on Space Sta-
tion Freedom controllability and operational impacts.

At present, two different tether cases are being analyzed
to determine their impacts on Space Station Freedom.
The first case, illustrated in figure 4.2.3-6, uses a tether
to store and transfer propellant for lunar mission flight
1, which is an expendable cargo flight. The second case

uses a tether system to store and transfer propellant
during the lunar utilization phase, in which two reus-
able LTVs are based at Freedom.

The third method of storing propellant would be to pro-
vide an OMV-type vehicle that would rendezvous with
each arriving ETO propellant delivery tanker and main-
tain the propellant co-orbiting with Space Station Free-
dom until just before the mission launch date. At that
time, the LTV would depart Freedom with the aid of an
OMV, rendezvous with the co-orbiting propellant tank-
ers, and transfer the propellant from Freedom. The
benefit of this option is the reduction of the impact to
Freedom's microgravity environment by reducing the

mass stored on Freedom. Unfortunately, this method
will require additional OMVs to control the propellant
tankers, and it will add some operational complexity by
having to rendezvous and transfer propellant from Free-
dom.

4.2.3.5 Meteoroid and Orbital Debris Shielding for

Hangars

The protection of transfer vehicles from meteoroids and
orbital debris while at Space Station Freedom involves
balancing the benefits of additional protection against
the costs of adding significant mass to the hangar walls.
A hangar wall thickness was selected to provide some
additional protection to EVA astronauts while operat-
ing in the unpressurized hangar. The selected meteor-
oid/debris shielding includes a main wall of 0.8 mm of
A1 alloy, an exterior bumper wall of 0.2 mm at a dis-

tance of 3 cm, and the gap between the walls partially
filled with layers of multilayer insulation (MLI). The
effectiveness of shields of various thicknesses is illus-

trated in figure 4.2.3-7. The figure compares the thin
shield of the Explorer 46 satellite, able to stop microgram
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Figure 4.2.3-6.- Lunar Evolution Space Station Freedom with tethered propellant depot - flight 1.
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Figure 4.2.3-7.- Selection of I mm aluminum shield for vehicle hangar wall.

size particles, to the heavier shields for Freedom mod-

ules. The 1 mm shield selected would stop particles just
under I mm in diameter and reduce the threat to EVA

astronauts by roughly a factor of 10. This would remove
the debris risk as an operational limit to EVA time in the
hangar. The resulting mass penalty for the hangar wails
is 2.8 t per 1,000 square meters of hangar wall.

The current space suit can be penetrated by particles as
small as 0.5 mm diameter at orbital velocities. The proba-
bility of such an impact on an EVA astronaut in the
current environment is roughly 2x10_ per hour of EVA
time. Without additional protection, the Space Station
Freedom risk limit would require an operational limit
of 3 to 5 EVA days per month for each astronaut.

Natural meteoroids include low-density cometary ma-
terial in periodic meteor showers, and higher density
asteroidal material. Meteoroids with high velocities
10- 60 km/s) will arrive at Freedom with directions ran-

domly distributed across the hemisphere above the
horizon.

Artificial orbital debris consists of large objects that are
tracked optically and with radar, and of the more nu-
merous small objects and particles. Limited data are
available on the number of small objects and particles.
For modeling purposes, distributions are extrapolated
from the numbers of larger objects and have uncertain-
ties of a factor of 10 for the current environment. In the

coming decades, the amount of debris is projected to
increase by a factor of 2 to 10, depending on future space
activity and debris countermeasures. Orbital debris

impact directions are concentrated in the x-y (horizon-
tal) plane. Typical impact velocities of orbital debris (10

km/s), although lower than meteoroids, are more likely
to be capable of penetrating shields since particle frag-
ments may survive the impact with the bumper shield.
The retrieval of the Long Duration Exposure Facility
satellite will significantly add to the understanding of
the current environment.

4.2.3.6 Lunar Transfer Vehicle Accommodation

In addition to micrometeoroid protection, a hangar also
provides a suitable operational environment for EVA
operations and IVA teleoperated vehicle processing. The
hangar is equipped with sufficient lighting, robotic ac-
cess, orbital support equipment, and power to perform
all processing activities. A station arm is mounted on a

mobile track assembly like that shown in figure 4.2.3-8.
This arm will have the capability of reaching all the LTV's
orbital replacement unit mounts for ease of teleoperated
vehicle servicing.

4.2.3.7 Lunar Transfer Vehicle Servicing and
Refurbishment

Recent analysis indicates that a vehicle processing crew
of four will require approximately 1234 shifts (8-hour
work periods) to completely process a reusable LTV on-

orbit, assuming current level vehicle system designs.
Figure 4.2.3-9 shows the required LTV processing ac-
tivities for three major operational periods and provides
a top-level breakdown of the required number of shifts
to perform the various tasks. A complete discussion of

LTV processing activities, including crew skill mix, re-
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Figure 4.2.3-8.- Lunar transfer vehicle processing facility option.

source requirements, and task flows with traceability to
current KSC processing activities is provided in Volume
IV of the Exploration Studies Technical Report.

4.2.3.8 Issues and Summary

The major open issues that will impact Space Station
Freedom accommodation of the Lunar Evolution case

study are (1) the optimum on-orbit propellant storage
technique, (2) a further definition of an acceptable mi-
crometeoroid/orbital debris protection level, and (3) a
refinement of the LTV processing requirements at Space
Station Freedom.

4.2.4 Mars Evolution Case Study

4.2.4.1 Case Study Requirements

The Space Station Freedom mission requirements as
stated in the SRD for the Mars Evolution case study are
presented in table 4.2.4-I. The Mars transfer vehicle is
not assembled on Space Station Freedom, but is accom-
modated on a free-flying, co-orbiting assembly fixture.
Freedom's main requirements are to house the transient
mission crew and Mars transfer vehicle (MTV) assem-

bly crew, support the advanced development of Mars
outpost and MTV systems, and provide a life sciences
research capability.

4.2.4.2 Space Station Freedom Growth

The Space Station Freedom evolution growth deltas and
the programmatic schedule required to support the mis-
sion requirements are provided in table 4.2.4-II and fig-
ure 4.2.4-1 respectively. Figure 4.2.4-2 shows the num-
ber of launches required to deliver Space Station

Freedom's hardware growth elements to LEO. It is
highly unlikely that Freedom will be able to evolve to
delta 8 in time to support a 2005 launch date if growth
assembly is limited to a Space Shuttle ETO capability.
In addition, further definition of the required life sci-
ences research program content and duration is required
so that appropriate research accommodation facilities
can be provided by OSS.

Table 4.2.4-III shows the currently understood Mars
Evolution resource requirements to conduct life sciences
and technology development research and assemble the
MTV.

4.2.4.3 Growth Configuration Analysis

Based on the same analysis discussed in sections 4.2.3.3
and 4.2.3.4, the growth configuration shown in figure
4.2.4-3 is recommended to meet the Mars Evolution case

study requirements. The configuration is gravity gradi-
ent stabilized, minimizing control requirements while

E_
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Figure 4.2.3-9.- Lunar vehicle processing operations.

TABLE 4.2.4-I.- MARS EVOLUTION CASE STUDY - SPACE STATION FREEDOM

FUNCTIONAL REQUIREMENTS

• Provide capability to support advanced development systems for Mars outpost and space
transportation.

• Provide capability for housing transient mission crew, support crew, and mission equipment.

-Transient mission crew:
(Outbound)

-Mission support crew:

-Mission equipment:

Up to 2016, support mission crew of 5

Beginning in 2016, support mission crew of 7

Accommodate support crew of 6, for up.to 15 months, with
6-month tours of duty

Beginning in 2005 accommodate 10 metric tons

• Provide isolation of outbound mission crew and quarantine of Mars crew and samples returning from
first two missions.
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TABLE 4.2.4-II.- MARS EVOLUTION CASE STUDY -

SPACE STATION FREEDOM GROWTH DELTAS

A1 Two 25-kW solar dynamic modules; two
25-meter transverse boom extensions;

space-based OMV and space-based OMV
accommodations

A2 Upper/lower keels and booms

_3 One habitat module; two resource nodes

A4 Two 25-kW solar dynamic modules;

servicing facility phase I

One large pocket laboratory (artificial-g);

one large pocket laboratory (CELSS);

servicing facility phase 2

A6 Life sciences laboratory module; two
resource nodes

A7 Phase 3 servicing facility (completed CSF)

A8 One large pocket laboratory (quarantine

facility)

r
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Figure 4.2.4-1.- Mars Evolution case study: programmatic schedule for Space Station Freedom evolution.
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Figure 4.2.4-2.- Earth-to-orbit manifest options for Space Station Freedom Mars Evolution
case study growth hardware.

J

TABLE 4.2.4-1II.- MARS EVOLUTION CASE
STUDY - SPACE STATION FREEDOM RESOURCE

REQUIREMENTS

Station resource Current recommendation

Power

Average 175 kW
Peak NA

Crew 18

Pressurized Modules

US habitation 2

US laboratory 2

ESA laboratory 1

JEM laboratory 1

Pocket laboratory 3
Resourcenodes 8

Transverseboom

Dual keel Scarfordistributed

systems

Scarforfacilityand

distributedsystems

Scarforadditionof

power modules at
boom ends

18

2

Servicingfacility

Power modules

Payloads

APAE

Tetherpayloads

providingtheappropriatefacilitiestoconductlifesci-

encesand technologyresearch.In addition,otherpo-

tentialSpaceStationFreedom users,suchasmicrograv-

ityresearch,astrophysics,and Earthsensingcommuni-
tieswould stillhave asuitableenvironmentinwhich to

operate.Table4.2.4-IVliststheFreedom Stationgrowth

elementsand theirmassesrequiredtoreachdelta8.

4.2.4.4 Mars Transfer Vehicle Departure Analysis and
Implications

The MTV departure window durations from Space Sta-
tion Freedom orbit are widely varying and require fur-
ther investigation for each specific mission for an exact
determination and optimization.

4.2.4.5 Issues and Summary

Although the SRD specified the use of a free-flying as-
sembly platform, a trade must be conducted to assess
the optimum location for assembling a Mars-class trans-
fer vehicle. Although Space Station Freedom could
probably accommodate the assembly of the MTV, it
would most likely come at the expense of other Free-
dom users. Additional study is required to quantify
these impacts to all Space Station Freedom users versus
the cost of providing a separate assembly platform.

4.2.5 Mars Expedition Case S_dy

The Mars Expedition case study requirements of Space
Station Freedom were limited to providing the capabil-
ity to qualify life support systems for long duration
flights, and access to Freedom's existing capabilities,
provided the Mars Expedition requirements are com-
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i Airlock

Pocket laboratory
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Figure 4.2.4-3.- Mars Evolution Space Station Freedom growth configuration (Delta 8).

TABLE 4.2.4-IV.- ADDITIONAL SPACE STATION FREEDOM MARS EVOLUTION ELEMENTS

Components

Habitat

Life sciences laboratory module

Resource node

CELSS pocket laboratory

Artificial gravity pocket

Quarantine pocket laboratory

Truss bays

Utility trays

Solar dynamic units

Servicing facility

Attached payload accommodation equipment

Thermal radiators

Docking mast

Number Mass (k_)
v

1 23,400
1 34,700

4 31,200

1 10,250

1 10,250

1 1O250

64 5,700

64 11,300

4 27,600

1 1L_00

4 1,450

2 6,30O
1 1,400
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patiblewithSpaceStationFreedomaccommodationand
utilizationplansand commitments.

4.?..6 Options and Trades

The following section provides an overview of three im-
portant studies presently being conducted by OSS that
will have a major impact on Freedom's ability to serve
as a transportation node for human exploration.

4.2.6.1 Dynamic Analysis of Space Station Freedom-
Based Mars Vehicle

The objective of this study is to define the expected low

frequency dynamic characteristics of an evolutionary
Space Station Freedom configuration used for Mars
transfer vehicle assembly and to develop a reboost sce-
nario for the flexible Space Station Freedom under ac-
tive attitude control. A complete description of the NAS-
TRAN (NASA Structural Analysis) finite-element model

modal analysis and reboost scheme is presented in Vol-
ume IV.

4.2.6.2 Space Station Freedom Logistics Evolution

Currently, Space Station Freedom requires approxi-
mately five Space Shuttle flights per year to meet logis-
tic resupply requirements. As a transportation node, the
logistics requirements to support LTV and MTV proc-
essing activities and life sciences research and technol-
ogy development requirements, as well as the additional
consumables to support an increased crew, will dramati-
cally increase the required number of Space Shuttle

logistics flights. This study will quantify these require-
ments and assess the capability of the present logistics
system to evolve to meet these increased resupply re-
quirements.

4.2.6.3 Space Station Freedom Fluids Evolution

In order to support the currently defined exploration
missions, Space Station Freedom will be required to
store, handle, and provide thermal/fluid management
of various fluids, the majority of which will be cryogenic
propellants. The primary purpose of this study is to
define fluid storage and handling strategies/require-
ments for the various case studies and their associated

design impacts on Space Station Freedom. The four

specific study tasks are: (1) conduct an inventory of all
fluids expected to be associated with Space Station Free-
dom during its initial and evolutionary phases, (2) iden-

tify fluid management requirements such as storage,
supply, transfer, handling, thermal, and safety issues,
(3) develop optimal fluid management strategies and

concepts for fluids accommodation to minimize scarring
of Space Station Freedom and its operation, and (4) iden-

tify impacts to Space Station Freedom design and op-

Section 4, Supporting In/ra_zucture Description

eration systems and subsystems identified in task 3 and
determine the necessary hooks and scars to be included
in Space Station Freedom Phase I design to allow future
fluid requirements. A final report on tasks 1 through 4
has been completed and released by Lewis Research
Center as a separate NASA contractor report (#185137).

4.2.7

The Space Station Freedom program has assessed the
accommodation requirements and provided an appro-
priate implementation of those requirements for each of
the FY 1989 case studies. This implementation included
an engineering description of the systems utilized to
meet the mission requirements, including habitat mod-
ules, laboratory modules, and vehicle processing facili-
ties. Preliminary analysis shows that the Space Station
Freedom program can support all Lunar Evolution case
study mission requirements by evolving the current
Freedom configuration into a transportation node, pro-
vided all current Space Station Freedom hooks and scars

are maintained in the baseline program. Potential prob-
lems may arise in the ability of Freedom to evolve to
provide an orbital facility for research into extended crew
stay times in order to support the Mars Evolution and
Mars Expedition case study launch dates.

4.3 TELECOMMUNICATIONS, NAVIGATION,
AND INFORMATION MANAGEMENT

This section describes the telecommunications, naviga-
tion, and information management (TNIM) architectural
and system design functions for the lunar and Mars case

studies, and identifies critical space and Earth-based
technology that must be developed prior to initiation of
the mission implementation phases.

4.3.1 Lunar Evolution Case Study

The 1989 study effort emphasized the telecommunica-
tions system, deferring detailed study of navigation and
information management to future years. This subsec-
tion discusses the TNIM needs of the lunar evolution

mission elements and describes a reference-point track-
ing and data acquisition (T&DA) architecture capable
of providing telecommunications and tracking support.

4.3A.1 Reference Point Architecture

A reference model of elements to establish the services

necessary for lunar exploration was defined. Lunar
element TNIM needs were derived from an analysis of
the reference model. The major drivers of the T&DA
system are the number of links required to serve the users
and the data return rates on those links. Derived-link

and data-traffic needs were used to conceptually design
a T&DA architecture. The link requirements estimated
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for transportation vehicles and surface elements are il-
lustrated in figure 4.3.1-1. A candidate point design for
a T&DA system that serves as a reference point archi-
tecture is illustrated in figure 4.3.1-2.

Depending on user location, communications and navi-

gational needs of lunar users would be supported in
different ways by the T&DA system. Communications
radio coverage requirements are met for users within a
lO-km radius of a nearside lunar surface terminal by

interfaces and a broadband radio frequency wide area
network, which allow flexibility in the deployment of
both users and the surface terminal. Primary and backup
antennas and 30-meter tall towers are provided to sup-

port the UHF wideband local area communications
system. A capability exists to switch the backup system
antenna should the primary antenna become inopera-
tive or if the primary tower should be damaged. The
backup tower and antenna are located a minimum dis-
tance of 1 km from the primary system. On the farside,

LRS

Surface lunar elements

Observatory _

1.2LRS

_ ..... Transportation vehicles

%-.. ../

"<'-...,. .....,':/

Legend

Transfer vehides _ Sortie vehides "';--"---

O-'C Scienceequipment _ Rover --z_

lln, , nn _ (_)UUw UU SpaceStationFreedom EVA

H

 '(o.oa

Periodic (intermittent) service

Continuous service

Return-link capacity in megabits
per second

Figure 4.3.1-1.- Return links to satisfy lunar elements.
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Figure 4.3.1-2.- Lunar T&DA system reference architecture.

the instruments of the very-low frequency array and
other users within 10 kilometers of a surface terminal

would be connected by hardwire links, either coaxial or

fiber-optic cable. Users more than 10 kilometers from

the surface terminals would communicate through ra-

dio frequency links with lunar relay satellites, as would

ground would act as data terminals, demodulating and

modulating communications signals and providing
distribution functions. In addition, the nearside termi-

nal would act as a major processing center, supporting

the nearside outpost as the center for lunar operations.

usersin LLO or in lunar ascent or descent. Usersin tran- Some users of the T&DA system will need to provide

sit between LEO and LLO would be similarly supported Various levels of data processing (including compres-

directly by one geosynchronous relay satellite, sion, storage, and buffering) to remain within the cover-

The geosynchronous relay satellite, in an inclined orbit,

would provide the primary relay for all communications

between Earth and the Moon by linking a United States-
based ground terminal with the nearside surface termi-

nal located at the lunar outpost. Nearside lunar elements

would be supported by the surface terminal and a lunar

relay satellite in halo orbit about the L1 libration point.

Farside elements would be similarly supported by a

terminal collocated with the farside observatory and a

relay satellite in halo orbit about the L2 libration point.
The significant characteristics of this reference architec-
ture are listed in table 4.3.1-I.

To reduce operational complexity and risk, geosynchro-

nous and lunar relay satellites would support all com-

munications by frequency-translated (bent-pipe) links

with no demodulation or other processing performed
onboard. Terminals on the lunar surface and on the

age and capacity limits imposed by the system. For
example, data from scientific instruments on the lunar
surface will need to be buffered until a T&DA contact

can be scheduled for data communications.

Capacity limitations and conflicts among users may
further require that some elements be denied service

during particular periods. For example, when three

transport vehicles are in LLO and simultaneous crew

surface activities require support, service to surface in-

struments may be delayed.

The following paragraphs describe in more detail the

elements of the system to support the Lunar Evolution

case study.

Ground T¢rmina/. A single ground terminal located

within the continental United States would provide the

Earth interface for the T&DA system. Return lunar com-
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TABLE 4.3.1-I.-CHARACTERISTICS OF EARTH-MOON
REFERENCE COMIVHYNICATIONS ARCHITECTURE

System

element
I I

Ground terminal

Geosyrtc.hronous

relaysatellite

Nearsidelunar
surfaceterminal

Nearside lunar

relaysatellite

Farside lunar

relay satellite

Farsidelunar

surfaceterminal

Supporting subsystem

1 GT-GRS antenna
- 20-meter diameter
- lea-band (20.7 GHz)

1 GT-GRS antenna
- 2-meterdiameter
- Ka-band (20.7GHz)

2 lunar service antennas
- 4-meter diameter
- Ka-band O2.5GHz)

2 farside LRS Tr&C antennas
- 1-meter diameter
- Ka-band 02.5 GHz)

1/.ST-Gr antenna
- _meter diameter
- Ira-band (32.5 GHz)

1 LST-LRS antenna
- 3-meter diameter

- Ka-band (32.5 GHz)

Wide areanetwork
- UHF (400to800 MHz)
- 30-meterantennamast

provides 10-kin line-of-
sight visibility

Hardwire interfaces(fiber-

optic or coaxial cable)

1 multibeamantenna
- 3-metereffective

aperture
- 5 beams
- Ka-band (32.SGHz)

I crosslink antenna
- 3-meter diameter
- Ka-band (30 GHz)

I multibeamantenna
- 3-metereffective

aperture
- 5 beams
- Ka-band (32.5GHz)

Icrcr,slink antenna

- 3-meter diameter
- Ka-band (30 GHz)

1 TT&C antenna
- l-meter diameter
- Ka-band (32.5GHz)

I farslde LRS antenna
- 1.5-meter diameter
- Ka-band (32.5 GHz)

Hardwire interfaces (fiber-
optic or coaxial cable)

Application

Supports link to GRS

Supportslink to GT

One antenna supports
link to nearside I.ST
One antenna supports
link to single transit user

Supports T1"&Clinks to
farside LRSs

SupportsMoon-Earth
communications link to
GRS

Supports link to nea_ide
LRS and thereby farslde
users,the hrside LST,and
nearsideusersbeyond I0
km of nearside LST

Supports lunar users within
10 km of nearside LST

Supporls high data rate
users within 10 km of
nearside I.ST

4 beams support nearside
users

I beam supports forward/
return link to nearside LST

Supports relay to farside
LRS

4 beams support farside
user_

I beam supports farside
LST

Supports relay to nearside
LRS

SupportsTr&c to/from
GRS and contingency"
Earth-farside communi-
cations

Supportslinkto hrside
LRS

Supporl_ farside users
within 10 kin of farside LST

munications relayed by the geosynchro-
nous relay satellite would be demodulated
and distributed to Earth-based users by the
ground terminal. Forward communica-
tions to lunar elements would be multi-

plexed, formatted, modulated, routed, and
transmitted. The ground terminal performs
range and range-rate extraction of one-way
and/or two-way return transit signals from
the element to provide tracking data. The
ground terminal would support the other
T&DA system elements, providing track-
ing, telemetry, and command ('IT&C) links,

as required, to control other T&DA ele-
ments.

All primary T&DA system links would use
the Ka-band to permit contingency ground

terminal support. The primaryground link
to the geosynchronous relay satellite would
be supported by a 20-meter Ka-band (20.7-
GHz) antenna capable of maintaining an
end-to-end bit error rate of 10_ in the pres-
ence of interference due to rain.

Geosy_¢hronou_ R¢/a V Satellite. A single

satellite would support a continuous link

to the ground terminal, links to the near-
side lunar surface terminal and lunar ele-

rnents in transit between LEO and LLO, and

low-data-rate TT&C links to the farside

lunar relay satellites. A single 2-meter Ka-

band (20.7 GHz) gimballed antenna would

support the bent-pipe relay of return and

forward channels to and from the ground

terminal. These channels would contain the

frequency-division multiplexed 350-Mbps

return link from the lunar surface terminal,

the multiplexed 90-Mbps forward link to
the lunar surface links to lunar elements in

transit, "IT&C, and geosynchronous relay

satellite data.

The links to transiting lunar elements and

the nearside terminal would he supported

by two 4-meter Ka-band (32.5 GHz) gim-

balled antennas, each providing a single
beam. The forward and return links to tran-

sit users would each provide 20-MHz band-

width to support navigation and data trans-

mission up to 10 Mbps. The nearside for-

ward link would support a 90-Mbps fre-

quency-division multiplexed data stream to

the Moon, and the return link would sup-

port a 350-Mbps frequency-division mu-

litplexed data stream back to Earth.
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A single geosynchronous relay satellite, even with an

inclined orbit, would not maintain continuous visibility
with the nearside lunar relay satellite. However, only
relatively short service gaps are estimated to occur on
several days each month. A second relay satellite in
geosynchronous orbit would be needed if continuous
coverage is required.

Finally, the satellite would need two 1-meter Ka-band

(32.5 GHz) gimballed antennas to support low-data-rate
'IT&C to the farside lunar relay satellites. In the event
of disruption of the crosslink between the farside and

nearside satellites, the link between the farside relay
satellite and the geosynchronous relay satellite may be
used to maintain farside service at reduced data rates.

Nearside Lunar _rfa¢¢ Terminals. The nearside lunar sur-
face terminal would be collocated with the nearside

outpost, directly servicing the surface habitats, scientific

facility, mining facility, and nearside observatory.
Moreover, the terminal would interact with the nearside

relay satellite to support both nearside and farside ele-

ments with local communications routed through the
terminal. Thus, the terminal would serve as a commu-

nications center for all activities, in addition to provid-
ing the primary Moon-to-Earth communications link.
Forward communications from Earth would be demul-

tiplexed and distributed to lunar elements, and return

communications from the Moon would be multiplexed
and formatted for relay to the geosynchronous relay
satellite.

A 3-meter Ka-band (32.5 GHz) antenna would support
forward and return communications with the nearside
lunar relay satellite; the link to the satellite would be the

frequency-division multiplexed (FDM) composite of
nearside and farside channels. Return communications

used by the nearside outpost (e.g., long-distance rover
video) would be distributed locally by the nearside sur-
face terminal using the UHF network. Return commu-
nications destined for Earth would be demodulated and
multiplexed with other data and remodulated for trunk
transmission.

The primary 350-Mbps return and 90-Mbps forward

frequency-division multiplexed links to the geosynchro-
nous relay satellite would be supported by a 4-meter Ka-
band (32.5 GHz) antenna at the nearside surface termi-
nal. All forward communications from Earth would be

demodulated and demultiplexed to allow routingand
distribution to elements at the nearside base or remodu-

lation and relay to the lunar relay satellite(s).

Nearsid¢ Ltm#r Relay Satellite,. A single satellite in halo
orbit about the L1 libration point would provide near-
side element communications coverage and a crosslink
to the farside relay satellite. The halo orbit would have

Section4, SupportingInh'astructure Description

a period of 2 weeks and would provide nearside lunar
element visibility. An average of 70 percent or more of
the lunar hemisphere would be visible with coverage
gaps near the lunar limbs and poles.

A Ka-band gimballed multibeam antenna with an effec-

tive aperture of 3 meters would support nearside com-
munications between nearside elements and the near-

side terminal. Different frequency assignments would
enable concurrent support of lunar elements in close
proximity. Elements would require transceivers with
multiple frequency capability; otherwise, they would be
subject to operational constraints.

The four beams represent a shared communications

resource to support as many as three concurrent lunar
transport vehicles, one long-distance rover, one scien-
tific orbiter, and as many as 16 dispersed scientific in-

struments. Techniques such as scheduling service, poll-
ing unmanned instruments, or setting demand-access
protocols would be used to establish communications
and navigational links.

The fifth beam of the L1 multibeam antenna would

support the relay to and from the nearside lunar surface
terminal, including the L1 satellite "IT&C. Return far-
side and nearside links would be frequency translated
and relayed as FDM downlinks to the nearside termi-
nal. Forward farside and nearside user links would be

frequency translated and switched to the crosslink an-
tenna or the appropriate beam of the Ka-band multibeam
antenna.

A 3-meter Ka-band (30-GHz) gimballed crosslink an-
tenna would adequately support the bent-pipe relay of
links to/from the L2 satellite. Farside forward channels

uplinked from the nearside terminal would be frequency
translated and transmitted as a 105-MHz bandwidth

FDM crosslink to the farside relay satellite. Farside 200-
MHz bandwidth FDM return crosslink channels would

be frequency translated and switched to the nearside
terminal FDM beam of the Ka-band multibeam antenna.

Farside Lunar Relay Satellite. A single satellite, similar to
the one at L1, would be placed in a halo orbit about L2.
This satellite would support farside coverage and pro-
vide a crosslink to the L1 satellite. A second L2 satellite

is explicitly indicated in figure 4.3.1-2 (referenced ear-
lier) to emphasize the advisability of on-orbit redun-
dancy to maintain farside service if the primary satellite
fails. This second satellite would also provide more

complete coverage of the limbs and poles and visibility
to more than 70 percent of the farside hemisphere.
However, only one operational L2 satellite would be

required at a given time to satisfy currently identified
farside service needs. Both L2 satellites would maintain

low-data-rate "I_&C links with the geosynchronous re-
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lay satellite.

A Ka-band gimballed multibeam antenna with an effec-
tive aperture of 3 meters would support farside lunar
communications, and a 3-meter Ka-band gimballed

crosslink antenna would support the bent-pipe relay to
and from the L1 satellite. Four high-gain spot beams

would each support 20-MHz forward and return com-
munications and navigational links for farside elements;
the fifth would support forward and return communi-
cations with the farside lunar surface terminal. How-

ever, unlike the L1 relay satellite, all multibeam return
communications would be frequency translated and
switched to the crosslink antenna for relay. Conversely,
all multibeam forward communications would be re-

ceived as an FDM signal through the crosslink antenna,
frequency translated, and routed to the appropriate
beam.

To ensure control and monitoring of the L2 satellites in
the event of crosslink failure, a 1-meter gimballed Ka-
band antenna would maintain the L2 satellite TI'&C link

with the geosynchronous relay satellite. As a contin-
gency, this antenna might be used to relay farside com-
munications to the geosynchronous satellite at reduced
data rates.

Fore,dr Lunar Surface Terminal. The farside terminal
would be simpler than the nearside one, and it would
be collocated with the farside lunar observatory, directly

servidng the VLF array and possibly other users through
hardwire interfaces. Fiber-optic or coaxial cables would
link lunar elements within a 10-kilometer radius of the

farside terminal.

A 1.5-meter Ka-band antenna would support forward
and return communications with the L2 satellite, trans-

mitting a 100-Mbps time-division multiplexed return
link and receiving less than a 1-Mbps time-division
multiplexed forward link. Forward communications
from the L2 satellite would be demodulated and distrib-

uted to the appropriate farside elements, and farside
return communications would be multiplexed and for-
matted for transmission to the L2 satellite.

4.3.1.2 System Development Schedule

Development of the TNIM infrastructure required for
lunar exploration is expected to be staged over time. The
first phase will probably be a technology and flight readi-
ness demonstration, commenting as soon as the explo-

ration program is initiated. This phase would be com-
pleted prior to beginning the C/D development phase
for relay satellites, the ground terminal, or lunar surface
terminals. An initial schedule analysis, which presumes

normal acquisition and delays, suggests that initial sys-
tem availability could be as late as 2007.

4.3.1.3 Relationship to Other NASA Programs

LEO telecommunications support of the lunar explora-

tion program could be provided by the Advanced Track-
ing and Data Relay Satellite System (ATDRSS), which is
scheduled to begin operating in 1997. The ATDRSS is
already planning to support the STS and Space Station
Freedom. Supporting the lunar exploration program
when it uses STS and Freedom should not require major

modifications to the existing ATDRSS design. LEO
T&DA support for orbital transfer vehicles (OTVs) could
be provided if the communications systems onboard
OTVs are compatible with the Ka-band systems chosen
for ATDRSS.

Freedom could be involved in technical demonstrations

of new technology required for the lunar T&DA system,
such as Ka-band multibeam antennas.

The relay satellites and lunar surface elements of the

T&DA system will require launch support for deploy-
ment. This requirement would include launch and

deployment of the nearside lunar surface terminal,
launch of a geosynchronous relay satellite, and launches
of lunar relay satellites.

4.3.1.4 Options and Trades

The reference architecture described previously is one
of several alternatives. Lunar communications and navi-

gational studies are still in preliminary stages, and al-
ternative T&DA architectures are still being assessed.
The alternative architectures differ from the reference

point architecture in at least one of the following ways:

a. Placement and/or use of lunar relay satellites

b. Use of ground terminals instead of a geosynchro-
nous relay satellite

c. Variation in interfaces or attributes of the commu-

nications system elements

Requirements for the lunar relay satellites depend en-
tirely on mission scenario and user need, with some
conceivable scenarios requiring no lunar relay satellites.

The mission options are as follows:

a. The relay satellites in lunar halo orbit about the L2

libration point enable farside visibility.

b. The relay satellites in halo orbit about the L1 libra-

tion point enable smaller latency delays from the

lunar outpost for remote surface and LLO elements
rt_
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located about the lunar nearside. They also enable
smaller, less powerful stationary transponders for
surface users.

c. Lunar surface overage requirements at the limbs
and poles and/or system reliability needs may lead
to redundant satellites at each halo orbit.

d. Locating relay satellites at the L4 and L5 libration

points might decrease the stationkeeping burden,
compared to satellites at the L1 and L2 halo orbits.
However, using those locations would increase la-

tency delays and transponder requirements.

e. Another option is an architecture with relay satel-
lites in LLO. However, this option would substan-

tially complicate the relay system by requiring ex-
tensive use of crosslinks and handovers.

f. An architecture that does not use relay satellites is
also being considered. This architecture would in-
stead use fiber-optic or microwave trunks to inter-
connect the surface users. This architecture does not

provide flexibility to the dispersed users compared
to a satellite-based architecture, and might have
some maintainability drawbacks, particularly in
high-traffic areas.

Determining whether to use a geosynchronous relay

satellite-basedora ground terminal-basedarchitecture

isa criticaldesignchoicethatcouldgreatlyimpactthe

availability,cost,and operationalcomplexityof the

overalllunar communications system. Preliminary

analysisfavorstherelaysatelliteovertheground termi-

nal,but furtherstudy isrequiredtovalidatetheresult
of this analysis.

Comparisons of the various architectural alternatives
have begun. The alternative architectures will be evalu-

ated and ranked according to the following general cri-
teria: ability to satisfy user needs, system implementa-
tion and operations costs for a 20-year life cycle, and
technological feasibility and risk.

Satisfying user needs is a major goal of the lunar T&DA
architecture. This criterion will be measured by com-
paring attributes such as system availability, reliability,
and data latency times. In addition, user impacts such
as antenna size, pointing accuracy, number of handovers
required,and power requirementswillbe compared.

Considerations,suchasthelong-termreliabilityoftrack-

ingstations on foreign soil, and technical issues regard-
ing the relative service provided by Earth stations and
geosynchronous relay satelliteswill also be assessed.

Future studies will develop and assess operations con-
cepts and attempt to limit operational impacts to users.

Another major criterion is technological feasibility and

Secttoe 4, SupportingInfi-a_mcture Description

risk, which willbe measured by assessingthe technol-

ogy requirementsforthealternativearchitectures,the

currentand projectedavailabilityofrequiredtechnolo-

gies,and thecomplexityofthesystemelementdesigns.

In addition to architectural trade studies, a study to
determine the relative stability of the lunar halo orbits

about the L1,1..2, L4, and L5 libration points is currently
in progress. This study is expected to determine if lunar
relay satellites can be maintained in these orbits and the
feasibility of station-keeping.

4.3.1.5System Issues

Several TNIM issues regarding the Lunar Evolution case
study remain; the most critical relate to data systems.

Existing approaches to T&DA and mission control may
not be acceptable for this program, because they depend
heavily on full-time human console control of routine

operations. Increased autonomy for lunar operations
may be mandatory. Alternative distributed data sys-
tem architectures that provide autonomous lunar opera-
tions with Earth backup must be developed and com-
pared to alternative concepts.

Technology development will be needed for such sys-
tem components as the lunar relay satellite Ka-band
multibeam antenna; the nearside lunar surface terminal

UHF broadband wide area network; data compression
for video and scientific data; source coding techniques
for data reliability and privacy; suitable relay satellite
designs; and compact lightweight antennas, tracking sys-
tems, and transceivers for lunar elements.

Telecommunications requirements have been directly
addressed in the reference architecture. Some require-
ments have significant potential impacts on the refer-

ence architecture. For example, the requirement that
latency be minimized for real-time communications

between the nearside outpost and the long-distance rover

has led to the use of a nearside lunar relay satellite. The
requirement that farside communications be maintained

with the nearside outpost contributes to the need for an
L1 satellite and cross communications between nearside

and farside relay satellites. The need to restrict Earth
facilities to the continental United States is one motiva-

tion for the use of geosynchronous relay satellites rather
than globally distributed ground terminals. If continu-

ous Earth-to-Moon communications are required with-
out even short service gaps, more than just the reference

architecture's single geosynchronous relay satellite may
be required. Continuous communications for distrib-

uted lunar users, such as rovers located at the lunar poles
and limbs, would further increase the required number
of lunar relay satellites.
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4.3.1.6 Conclusions

Continuing studies of lunar exploration will define the
TNIM systems required to support it. Although studies
must be completed, the reference point architecture
provided appears to provide the foundation for the
T&DA support required for any conceivable future
exploration and use of the Moon. It appears that a fea-
sible but complex system can be developed to provide
the necessary telecommunications and navigational

support.

Data system requirements must now be carefully as-
sessed and data system architectures developed that can

provide the operations control, telemetry processing, and
autonomy required for affordable lunar exploration.
These systems could have major impacts on the user
service, life-cycle costs, and technological feasibility and
risk of the TNIM system.

Analysis of alternative TNIM system concepts and archi-
tectures must be continued. Prior to NASA selection of
a mission scenario recommendation, studies of lunar

exploration TNIM systems should focus on (1) a detailed
information management and data systems study, (2)
development of operations concepts, and (3) trade stud-
ies that refine T&DA system designs and include opera-
tions and maintenance overhead.

4.3.2 Mars Evolution and Expedition Case Studies

Because the requirements are similar for both Mars case
studies, all Mars-related information is combined in this
section. The objective is to provide a high-performance
TNIM system design that (1) meets and assists in estab-
lishing human-mission requirements while supporting
general NASA exploration needs, (2) includes a func-
tional TNIM architecture that incorporates low-complex-
ity, manageable interfaces in both implementation and
operational phases, (3) provides appropriate interface

trade-space models to guide the development of an effi-
cient, balanced end-to-end design, (4) evolves from cur-
rent proven designs and accommodates performance

upgrade options during the mission lifetime, (5) incor-
porates functional redundancy for all critical capability,
and (6) identifies critical flight and ground technology
development needed for subsequent implementation.
An additional key objective is to support mission Inte-
gration Agents in developing related TNIM internal and
interface system design.

43.2.1 Partitioning of TNIM and Related Mission
Support Functions

The primary criteria used in recommending the follow-
ing mission and TNIM functional partitioning are to (1)
engender the development of manageable and robust
interfaces of relatively low complexity, and (2) aggre-
gate like functions in efficient configurations that can
support all NASA exploration activity at Mars.

OSO provides: (1) overall TNIM architecture, (2) dedi-
cated Earth-based telecommunications and tracking sta-
tions, TNIM network control center, and information

management system design using flight/ground distrib-

uted processors, (3) in situ Mars telecommunications
relay satellite network, including modes for local mis-
sion control, (4) Earth-base d radiometric and navigation
support, which can use onboard optical/radiometric
target observables, for initializing onboard real-time
navigation functions (includes inter-spacecraft/habitat
link acquisition predicts), and (5) a local reference navi-
gation network using GPS-like navigation satellites
about Mars and global surface radio beacons.

The Manned Flight Mission provides: (1) relay satellite
delivery to Mars orbit, (2) all mission flight and plane-
tary surface TNIM related subsystems compatible with
the overall TNIM system design and architecture, (3)
appropriate data compression and storage functions on
mission element terminals, (4) onboard navigation and

guidance for aerobraking, landing, docking, and other
real-time navigation needs, and (5) mission operations
and analysis areas, and all telemetry, command, and
science data processing above level zero.

4.3.2.2 Mars TNIM Functional Design Precepts

The key functional design precepts assumed as guide-
lines for developing the TNIM design concepts are de-
scribed below.

In keeping with the minimum cost objective of the ex-
pedition case, the TNIM network design will provide
only the limited performance and operational lifetime

(-5 years) necessary to support a single manned flight
to Mars. In contrast, for the evolution case, the TNIM
network will be a long-life (>15 years), capital invest-
ment capable of supporting all manned and unmanned
missions envisioned in an extended Mars exploration

program.

The following sections outline the proposed partition-

ing plan for mission and TNIM functions, key architec-
tural precepts, the preliminary architecture and expected

system performance, critical technology needs, an im-
plementation approach and schedule, conclusions and
design issues, and FY 1990 study recommendations.

The TNIM design will evolve from existing, proven
capabilities with the incorporation of advanced technolo-

gies when justified by favorable cost/benefit trades.
TNIM will be based on a balanced end-to-end system

design to minimize the overall mission and TNIM net-
work costs and maximize robustness. TNIM functions
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will becombinedin thenetworkdesignwhereappro-
priatetoreducecomplexityandcost.Simple,manage-
ableinterfacesarevery importantto reduce costs and

mission complexity, and to partition tasks in logical units.
As an operational option to Earth-based con_ol, local
Mars TNIM control may be selected to facilitate real-time
operations during human presence at Mars.

The TNIM design will provide emergency modes as well
as redundancy to ensure the navigation and telecom-
munications systems are the last to fail.

4.3.2.3 Mars TNIM System Design and Performance

Telecommunication. The overall telecommunications

design balances spacecraft and ground capability for the
highest end-to-end performance and reliability as well
as for lowest expected cost and complexity, using tech-
nology expected to be available in the 1996 to 1998 time
period.

In situ Mars relay sateBites are employed, with two Mars-
stationary satellites each included in the baseline relay
networks for the expedition and evolution cases. A re-
lay satellite network provides significant improvements
in connectivity and performance for both the Mars-Earth

and the local Mars links. Figure 4.3.2-1 depicts a typical
example of the dramatic improvement in connectivity
achievable for the Mars Expedition. The connectivity
and performance improvements provided by the relay
network allow the use of simpler, lower performance
communications subsystems for the mission elements.

Section 4, Supporting Infrastructure Description

The relay network also provides redundant and backup
communications links as well as emergency links with
greatly increased data rate performance and connectiv-
ity. In addition, a relay satellite in the Mars system can
support a ranging link with an approaching spacecraft
to provide important Mars-centered navigation range
data beginning a few days before the critical aerocap-
ture maneuver.

The characteristics and connectivity configuration of the
key high-rate telecommunications links are summarized
in figure 4.3.2-2 for both the expedition and evolution
point designs. Antenna size, transmit/receive frequen-
cies, data rates, and RF power are indicated for each link.
Total dc power is also shown for each element. Ka-band
is used for the high-rate space-to-Earth links and in situ
links at Mars, X-band is used for the Earth-to-space links
and direct emergency links to Earth, and UHF is used
for local low-rate links at Mars. A single 34-m antenna
is used to provide 20 Mbps uplink capability for either
case; however, each additional uplink requires a sepa-
rate antenna. Downlink data rates of 10 Mbps (relay
satellite) and 20 Mbps minimum (Mars piloted vehicle)
are provided using dual- or quad-arrayed 34-m anten-
nas for the Expedition and Evolution case studies respec-
tively. Local Mars system data rates up to 50 Mbps are
available to support telerobofics and video monitoring.
Higher peak data rate requirements are accommodated
using large on-board buffer storage, time multiplexing,
and multiple parallel vehicle-to-Earth links. The design
also provides emergency capability using omni-direc-
tional antennas on the mission elements for X-band trans-
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Figure 4.3.2-1.- Typical connectivity - Mars Expedition case (2002 option).
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Figure 4.3.2-2.- Summary of point designs for key Mars links.

mission direct to Earth (<20 bps) or UHF/Ka-band via a
Mars relay satellite (-20 kbps). Higher link availability
is possible using lower data rates.

Data rate versus range is shown in figure 4.3.2-3 for the
critical Mars-to-Earth links. Indicated are the point
designs, which provide 10 Mbps and 20 Mbps (normal
mode) capability at maximum range for the relay satel-
lite and Mars piloted vehicle respectively. The assumed
maximum range for the Expedition case study is 1.6 au
for the relay satellite and 1.8 au for the piloted vehicle;

maximum range for the Evolution case study is 2.5 au.
Figure 4.3.2-3 also depicts spacecraft-to-Earth range for
various flights of the Expedition and Evolution case
studies. The data rate can be increased significantly for

shorter ranges during these flights.

Figure 4.3.2-4 illustrates a typical example of the trade
space considered in developing the Mars telecommuni-
cations point designs. Required downlink transmit RF
power and pointing accuracy are presented as a func-
tion of data rate and antenna diameter for the relay sat-

ellite and Mars piloted vehicle (Evolution case study).
Reasonable transmit power/antenna diameter trade

space is identified. Hatched areas show transition of

different design approaches. Design points are selected
considering applicable antenna technologies, complex-
ity, antenna size impacts on spacecraft packaging, asso-
dated antenna pointing accuracy, and transmitter power
requirements and available technologies.

Navigation. The navigation design for Mars missions
consists of three complementary segments: an Earth-

based navigation system (Segment I), an on-board navi-
gation system (Segment II), and a Mars-based network
navigation system (Segment III).

Segment I is the current Earth-based navigation system
for robotic planetary exploration, updated with all avail-
able state-of-the-art developments at the time of the
mission. This system can adequately support all phases
of the mission except cases where real-time navigation

is required, such as aerocapture, landing, or emergen-
cies. The Earth-based navigation system constitutes the
baseline from which the mission navigation system
evolves, and it provides capabilities for testing, calibrat-

ing, and backing up the other two navigation segments.
Technology for this segment is available.

Segment II is an onboard navigation system that satis-
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ties the need for real-time navigation of critical opera-

tions (e.g., aerocapture and landing). Navigation bea-
cons will be deployed within 250 to 500 km of the land-

ing site to assist in providing real-time navigation dur-
ing landing operations.

Segment III, a Mars-based network navigation system,
evolves in several phases. In the first phase, it consists
of an adjunct of the two communication relay satellites
to provide relative range and doppler data. During the
second phase, global navigation beacons/transponders
are deployed on Mars, Phobos, and Deimos. The habi-
tat and the rovers are equipped with similar beacons or
transponders for relative range or doppler data. A
navigation center is established in the habitat with track-
ing and computational facilities to provide TDRSS-Iike
navigation support during emergencies. In the third
phase, several navigation satellites are deployed about
Mars in two or more stages to provide real-time GPS
(Global Positioning Satellite) type of navigation. This
Mars-based navigation network has a role similar to that
of the Segment I Earth-based navigation system, but for
real-time operations in the martian system. Segment III
not only provides assistance to the onboard navigation
system for highly accurate real-time navigation, but it
can also independently provide full navigational or
computational support to any vehicle during emergen-

cies, using the facilities available at the navigation cen-
ter located in the habitat on Mars.

Table 4.3.2-I summarizes the assumed navigation per-

formance requirements and estimated capabilities for the
Mars missions. The delivery requirements for aerocap-
ture are derived from Draper Laboratory studies for the

Mars Rover/Sample Return mission, with the addition
of 100% margin for piloted flights. The delivery require-
ments allow for possible fluctuations in the atmospheric

density by a factor of two (either high or low).

Hazard avoidance and the need to land in close proxim-

ity to the habitat or other surface elements of the mis-
sion are assumed to require a landing accuracy of 10 m
(3 standard deviations) or better. In order to achieve

this accuracy, real-time tracking of beacons and/or a suc-
cession of optical landmarks, the location of which can
be mapped to the landing site, is required. Since trajec-
tory correction is not assumed to be available during the
parachute phase, the estimated dispersions at the start
of final powered descent require that the descent engines
have a horizontal traverse capability of about 2 km

during a period of 60 seconds.

Earth-based navigation, using radiometric data and
optical position data for Deimos and Phobos, provides

TABLE 4.3.2-I.- MARS NAVIGATION PERFORMANCE ESTIMATES SUMMARY

Item Navigation Navigation Navigation segment/data types
requirement capability

Delivery error for aerocapture

Vacuum periapsis altitude, hp: +4.5 km +3-5 km Seg I (Earth-based navigation)/radio and
Flight path angle at entry, _ -+0.4° -+0.25° optical data [for initialization]

Seg II (onboard navigation)/optical data
and ranging to relay satellites

Mars landing error (3if_)
Position at landing: 10 m 5-6 m (1) Seg II (onboard navigation)/IMU and

landmark tracking or beacons
Mars orbit error (3if)

Spacecraft position: 1,000 m 300-700 m Seg I (Earth-based navigation)/radio and
(Routine ops) optical data
100-300 m 150-450 m Seg Ill (onboard navigation)/S/C
(Critical ops) ranging/doppler with beacons, etc.

100 m Seg HI (block II enhancement/

GPS-type data)

Surface relative
location error (RSS)

Rover to habitat separation: 30 m 25 m (2) Seg II (onboard navigation)/doppler with 1

(50 km nominal) orbiter
.......................................................

.......................................

(1) Assumes descent engine horizontal traverse capability of about 2 km in 60 sec

(2) Assumes favorable geometry
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adequateaccuracyforroutineoperationsin Mars orbit.
As indicated in table 4.3.2-I, Mars orbit navigation capa-
bility can be progressively enhanced by the phased
deployment of a Mars-based navigation network sys-
tem (Segment III).

Information Manaver_ent. The Mars information manage-
ment system consists of a dis_'ibuted multiprocessor
network with nodes located on selected flight elements
as well as elements on Earth. A simplified architectural
configuration of the proposed system is shown in figure
4.3.2-5.

The entire data system functions as one distributed sys-
tem. All nodes store data in standard formats; all inter-

faces use established standards. Any user may query
data from any node. Unattended expert systems man-
age and move data and messages within the system;
automatic path selection, message switching, and data
buffering are provided. It is modular to support evolu-
tionary development and growth. Data are processed
and stored appropriate to the type; voice on magnetic
tape, video on tape or laser disks, and telemetry for sci-

ence and local Mars centered data achieves the necessary
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accuracy and represents a reasonable balance between
onboard- and Earth-based navigation systems.

The major components of the information management

system are the library, the post office, and the utilities.

The library provides generalized storage, analogous to
a modem public library, including permanent archive
storage, mid- and short-term buffering, and multi-user

access. The post office provides the data movement
functions, including message priority resolution at tele-
communications gateways. The utilities provide the

various multi-user functions for accessing the library and

post office, and for transmitting data to multiple users
when necessary. User-supplied processes that need to

communicate with one another will be encouraged to
do so directly, bypassing the system when practical to
avoid excessively burdening the system. Messages that

must be carried by the telecommunications system
would, however, need to be processed through the in-

formation management system and would be subject to
priorities in gaining access to the telecommunication

links. Human interfaces are accommodated through the
user functions, and not directly to the system.

=

Users and user-determined processes

Post Library
office

Mars

Post
office

Library

Users, user-d_ processes

I/

Human L-,I, .... L ...... ..I ........... .. .... L ..... .,11..... .--I- ....... ,I. ....... . .... &
interfaces /

Figure 4.3.2-5.- Initial approach to Mars information management system.
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Successful implementation of the information manage-

ment system requires a significant degree of commonal-

ity in the interfaces with user-supplied processes. The

system should provide the major design constraints on

these interfaces, with user-supplied processes comply-

ing with the defined standards. Considerations of im-

plementation cost, complexity, and maintainability make

it desirable to implement as much of the system (and

user-provided functions) on the ground as possible,

consistent with a reasonable degree of spacecraft auton-

omy. However, response time requirements force many

functions to be implemented in the spacecraft. Robust-

ness, as opposed to reliability, requires that all key func-

tions can be performed in diverse ways. Since data

system functions are subject to systematic design errors,

the mere replication of identical software in replicated

hardware is not sufficient to ensure a robust system.

4.3.2.4 Mars TNIM Critical Technology Needs

The key technology areas required for Mars TNIM

implementation are identified below. Descriptions and

status of these technology needs are contained in sec-
tion 4.3.3.

a. Ka-band technology to provide at least 10 Mbps at
2.5 au, as well as multi-beam, local Mars rates up to

50 Mbps

b. Data compression technology of at least 10:1 to
provide real-time video, and concomitant link cod-
ing for < 10_ bit error rate

c. Spacecraft memory capacity technology for up to 10 TM

bytes to reduce channel peak loading

d. Onboard navigation and guidance system engineer-
ing demonstrations for aerocapture

e. Unattended operations

4.3.2.5 Development and Implementation Plan

The TNIM development and implementation sequence

is summarized in figure 4.3.2-6. The critical schedule

line items are (1) the architecture and system design de-

velopment process, (2) interactions with Integration

Agents to determine the designs and interfaces that are
achievable from reasonable tradeoffs of technology,

(3) the mission operations approach and requirements,

(4) the process for identifying the needed flight/ground
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Figure 4.3.2-6.- Mars TNIM development and implementation schedule.
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technology development, including selected advanced
engineering model demonstration tasks; objectives for
precursor missions, such as aerocapture navigation
design validation, are set and scheduled to assist the

TNIM development process, and (5) implementation of
the Earth and space-based TNIM systems.

Seven significant milestones are: (1) completion of the
TNIM architectural design by the end of 1992, (2) the

national decision to pursue a specific objective, (3) prepa-
ration of functional and interface specifications for the
Earth-based facilities, Mars relay network, and informa-
tion management designs in 1995, (4) achievement of
technology maturity through development and precur-
sor demonstrations by 1996 to 1998 (later precursor
demonstrations can be useful, but may require costly
redesign and delays), (5) initiation of Phase C/D start in
1996 to 1998 (minimum implementation period is 5
years), (6) TNIM integration testing in 2001, and (7) re-
lay network in-orbit certification 3 months after the first

mission arrives at Mars in 2003 to 2005 (see precursor
needs in section 4.3.2.6, below).

4.3.2.6 Design Conclusions and Issues

Mars mission operations needs are not yet defined to
either specify real-time video (10 Mbps) from Mars, or
to define real-time in situ missions operations functions
at Mars for information management design; however,
several existing information management architectural
precepts may assist in focusing the requirements.

Ka-band technology is not presently available to sup-
port 10 Mbps Mars-to-Earth data rates. (Operational
optical links will probably not be available until after
2010.) Mature Earth-based Ka-band technology is sched-
uled to be available by 1996. The corresponding matur-
ity date needed for flight technologies for Ka-band, 10:1
data compression, and onboard storage (to reduce peak
to average link loading) is 1996-1998. Those required
flight technologies do not yet have sufficiently high de-
velopment priority to be achieved.

Adaptation of 34-m DSN-type antennas in arrays for
downlink reception and use of multiple uplinks appear
to be adequate to meet Earth-based telecommunications
and navigation mission needs; a dedicated manned-
mission Earth subnetwork is proposed.

A Mars telecommunications relay network is required
to provide high connectivity (>50%) links between Mars
and Earth and between in situ Mars mission terminals.

The technology is probably available to support Mars
aerocapture and landing navigation; establishing the
atmospheric scale height and variability is probably the
most critical technology need to assure an effective aero-
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capture design.

Precursor needs for Mars mission TNIM include

(1) demonstration of a deep space Ka-band link, (2) use
of minimum capability Mars telecommunications relay
satellites prior to deployment of high performance sat-
ellites on the first mission, (3) advanced engineering
demonstrations of aerocapture and landing navigation,
(4) emplacement of radio beacons for lander support,
(5) modeling of atmospheric scale height, and (6) meas-
urements of surface conductivity for potential high-fre-
quency surface-to-surface radio propagation designs.

4.3.3 Technology Assessment and Needs

Overall architectures and specific point designs to ac-
complish the TNIM functions for human lunar and
planetary exploration have been determined. Lewis
Research Center has examined these designs (described
earlier) with respect to technology readiness and alter-
natives to identify technology needs. Telecommunica-
tions has received the most emphasis of the three areas
under TNIM during 1989; technology alternatives and
needs in this area have been determined and evaluated.

Navigation and information management have received
much less emphasis during the year. For these two ar-
eas, technology alternatives and needs have been exam-

ined at the functional level. This section of the report
identifies technologies necessary to support TNIM for
human exploration.

4.3.3.1 Technology Issues

Technology issues associated with telecommunications
fall into three categories: (1) link data rate capability,
(2) frequencies of communications links, and (3) trans-
mitter/antenna system technologies. Tradeoffs can be
made among user requirements, data compression,
transmitter size, and antenna sizes; choices will impact
the mass and power of the communications system.

For communications links, frequencies varying from
UHF to Ka-band have been used in point designs. Fre-
quency selection is most critical for the links back to
Earth. For Mars communications, consideration of rea-

sonable mass, size, and power to support the required
data rates has led to the choice of Ka-band at frequen-
cies near 30 GHz. Optical communications can have very
high data rates, but pointing accuracy and stability prob-
lems are introduced. Additional study of radio fre-
quency and optical tradeoffs is planned.

The third telecommunications category is transmitter/
antenna system technologies. Major elements in estab-
lishing the required communications link capabilities are
the transmitters and antennas. Technology advance-
ments continually alter tentative choices of solid-state
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power amplifier(SSPA) ortraveling-wavetubeampli-
tier(TWTA) transmitters.Technology advancesmake

arrayantennasa realizablealternativetoreflectoran-

tennas. Array antennas with multibeam or scanning

beam capabilitiesarealternativestosteerableantennas.

Array technologyadvances may contributetolower

mass and power transmittersystems. Array/reflector

antennatradeoffsareplanned.

Technology issues associated with navigation are accu-
racy and autonomy. Order-of-magnitude improvements
are required in navigational accuracies, and navigation
autonomy is necessary where round-trip communica-
tions time exceeds limits for effective control. Aerocap-

ture navigation requires both extreme accuracy and a
high level of autonomy. The effect of the martian at-
mosphere on communications during entry is critical;
this area must be studied and modelled to assess its

impact on navigation communications.

order to compensate for the lower data rate, TNIM de-
signs for Mars will require extensive use of data com-
pression techniques and data storage. By using data
compression, information can be transmitted at a lower
data rate, but with added complexity. Data storage can
reduce real-time data rates by reducing the peak demand
and forwarding data at a later time when demand is low.
Unfortunately, this approach introduces a time delay.
Alternatively, an optical system could provide the de-
sired data rates for the Mars-to-Earth link, but this tech-

nology is less advanced than Ka-band. The greater dis-
tance causes the most significant differences in the area
of nax,igation. In the lunar case, the navigation system
could be Earth-based, whereas the Mars navigation

system, also Earth-based, will require a space-based real-
time autonomous structure for key activities such as

aerocapture and landing.

4.3.3.3 Telecommunications Technology

Regarding information management, data compression
offers the greatest opportunity to reduce both link sizes
and data storage requirements. With video sources
providing most of the high data rate needs, image data
compression is of the highest priority.

Mass data storage prevents the loss of data from link
interruptions (both planned and unplanned). The high
capacity (terabytes) data storage needed requires stor-
age technology development effort.

Elements of a "switchboard in space" can contribute to
reducing life-cycle costs. With long round-trip delay
times, onboard processing can provide efficient use of
the communications system via autonomous routing and
reconfiguration. Onboard processing may also include
automated network control for scheduling and system
management.

4.3.3.2 Lunar/Mars Technology Differences

The TNIM architectures for lunar and Mars case studies

contain a great deal of similarities, but substantial dif-
ferences translate directly into different technology
needs. The Moon-to-Earth path length results in a trans-

mission delay of approximately 1.25 seconds, but from
Mars, the delay can be as long as 20 minutes. The other
major difference is the geometry: the Moon orbits Earth,
and their relationship to each other is relatively fixed;
both Mars and Earth revolve around the Sun, and their

relative positions change constantly.

The longer path from Mars to Earth requires greater
transmitter power and larger antenna dimensions to
provide communications. For a given transmitter power
and antenna, a link from Mars to Earth cannot support

as high a data tale as that from the Moon to Earth. In

An outcome of identifying TNIM system architectures
and technology issues is the identification of technol-
ogy needs, indicating where research and development
should focus to enable these missions. In the telecom-

munications area, Ka-band communications technology
has been identified to meet the mission requirements,
whereas optical communications technology has been
identified as an alternative if the data rate requirements
increase significantly. Point designs for the 1989 Mars
and lunar case studies have identified the use of Ka-band

frequencies (18 to 40 GHz) to meet the majority of the
telecommunications requirements. In order to meet the
technology readiness level for the proposed time frame
and to provide the level of reliability necessary for
manned exploration missions, technology development
has been identified in the areas of Ka-band transmitters,

antennas, and monolithic microwave integrated circuit
applications. A detailed discussion of these technolo-
gies follows, and a summary is given in table 4.3.3-I.

Ka-band transmitters, both traveling-wave tube and

solid-state power amplifiers, are at relatively low tech-
nology readiness levels and will require further devel-
opment to meet the exploration time frames.

Traveling-wave tube amplifiers can achieve higher
power levels than their competitor, solid-state power am-
plifiers, and they are highly efficient; the TWTAs can
easily support broadband transmissions, and high re-
liability has been proven in space applications. How-
ever, TWTAs require complex high-voltage power sup-
plies, are not as efficient at low transmit power levels (6
to 10 watts), and in general, are relatively heavy.

Solid-state power amplifiers, on the other hand, operate
at lower power levels of I to 20 watts and do not require
high-voltage power supplies. These amplifiers also have
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TABLE4.3.3-I.-TNIM TECHNOLOGYSTATUSCHART

TNIM
technology

Ka-bandTWTAtransmitters

Ka-bandSSPAtransmitters

Multibeamantennas

MMICmultibeamantennas

Direct-radiatingMMICphasedarray

Technology
requirement

10-150W high-efficiency

1-15 W high-efficiency

10-20 simultaneous beams

10-20 simultaneous beams

10 x 10 array

Reconfigurable antennas

MMIC technology

Optical technology

Data compression

Data storage

Operation at Ka-band

Higher power-lower noise

Higher power laser source

10:1 compression without loss

1012 byte storage capacity

Technology
readiness

level

3-4

2-3

5

2

3

2

3-4

3

2

2

the potential to provide a higher reliability, although this
has not yet been demonstrated. Finally, SSPAs have the
potential to be lower in cost, and they are amenable to
phased-array applications.

To meet the antenna requirements of specialized cover-
age areas and tracking needs of TNIM missions, spe-
cialized beam-forming architectures may need to be de-
veloped. Areas to be investigated for each proposed link
are scanning multibeam, steerable, direct-radiating
phased array, and reconfigurable antenna technologies,
as outlined in table 4.3.3-I. Requirements for lunar and
Mars communications links are rather stringent.

Monolithic microwave integrated circuits (MMIC) are
circuits in which all active elements and their associated

passive elements and interconnections are formed into
the bulk, or onto the surface, of a semi-insulating sub-
strate by semiconductor processing techniques such as
epitaxy, ion implantation, sputtering, and evaporation.
Many antenna applications, such as multibeam and
phased arrays, can benefit through the development of
this technology. MMICs offer the potential for improved
performance, higher reliability, radiation hardening, and

size/weight reductions.

Although the current point designs employ Ka-band
frequencies, the potential advantage of optical commu-
nications over RF systems cannot be overlooked. Opti-
cal communications have a potential gain of 60 decibels
over Ka-band, which can translate into reduction of the

transmit/receive apertures, savings in spacecraft power,
and improvement'in link performance. Optical commu-

nication could support data rates on the order of 300
Mbps for Mars-Earth distances. However, optical com-
munications technology presents greater development
challenges than Ka-band. Development is necessary in
the areas of long-life, higher-power laser sources, photo
detectors and detector arrays, accurate telescope point-

ing, and acquisition and tracking technology.

4.3.3.4 Navigation Technology

The lunar and Mars TNIM systems have different tech-
nology needs. Navigation for lunar case studies is fairly
simple in comparison to the Mars case studies. The lunar
navigation system utilizes the Earth ground terminal to
perform range and range-rate extraction of the transit
user signals relayed by the geosynchronous relay satel-
lite. The ground terminal also performs orbit/position
determination for lunar users and Office of Space Op-
erations system elements. Precision orbit determination
of scientific lunar orbiters for mapping or gravitational
field measurements requires L2 relay satellites (farside).
Navigation for the Mars case studies is performed in
three areas: (1) an Earth-based system that is respon-
sible for initial routine navigation support, (2) the on-
board system that provides a basic level of "near" real-
time onboard navigation capability that supports ap-
proach and aerocapture, landing, surface exploration,
ascent, and rendezvous and docking, and (3) the Mars-
based navigation system that provides orbital naviga-
tion and real-time navigation support for all operations
in the martian system.

Key navigation requirements for the missions will drive
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technology development efforts. Although delivery
error for aerocapture is the most critical requirement,
achieving Mars landing accuracy of 10 m or better and
spacecraft position determination within I km for rou-
tine operations and 100 to 300 m for critical operations
will also require technology development.

4.33.5 Information Management Technology

Current studies indicate a definite need for data com-

pression, especially for the Mars missions, to reduce real-
time high data rate requirements. Data compression can
also reduce power and/or antenna requirements for high
data rate links. There are two primary areas for applica-
tion of data compression algorithms: video transmis-
sions and science data. In both areas, lossless data

compression of at least 10:1 is a requirement for the lunar
and Mars TNIM architectures. Once candidate data

compression schemes are chosen for implementation,
software and/or hardware must be developed to mini-
mize the complexity, weight, and power impact of im-
plementation on the systems.

Data storage reduces real-time transmission rates and is
required in both the lunar and Mars exploration mis-
sions. Storage can be used as an online buffer for inter-
mittent, high-rate transmissions and to prevent loss of
low-rate data during emergency communications.
Additionally, mass storage is needed to store data dur-
ing periodic outages or unavailability of data links.
Current Mars studies indicate development is needed
in mass data storage media and devices to achieve a

storage capacity on the order of a terabyte (1012 bytes)
or more. Additionally, input/write rates on the order
of 300 to 500 Mbps are required. Technology develop-
ment is needed in the areas of magnetic and optical stor-
age media and devices since current technologies fall
far short of these requirements.

4.33.6 TNIM Technology Development Plan

The plan shown in figure 4.3.3-1 depicts a timetable for
research and development of the identified technologies
designed to meet the proposed Lunar Evolution and
Mars Evolution mission time frames. The milestones

represent an initial study period in which alternative
designs are evaluated to result in a final design. This is
followed by the development of a proof-of-concept
(POC) hardware implementation. Space qualification
and, where necessary, flight demonstration, brings the
development to a technology readiness level 7. The plan
assumes reasonable, appropriate funding and results,
where possible, in a technology demonstration in the
year 1997 corresponding to the Mars Evolution Phase
C/D start-up.

43.3.7 Conclusions

Examination of the technology readiness and alterna-
tives for the TNIM areas has identified Ka-band com-

munications as the critical technology for telecommuni-
cations, with transmitters and antennas the most critical
elements. Continued development of optical commu-
nications technology could provide an alternative, since

Technology _ Year

Transmitters ......................... .__..... J

Antennas ................. ._7

1989 1990 1001 1992 1990 1994 1995 1996 1997 1098 1999 2000
I I I / / l i [ I I

1
r_..... .... .....
......MMIC technology ............... _7

Optical communications ..... J.... ._ ____<_)__.'£---i .... (

• ',Data compress,on ........................... r'.

Data storage ................ [-...._7.. ......... .' E___ ;_: __..<. _>___. I-I__A

Navigation technology ....... I.. ....... ._ :F...... _<___J--l_ _-&_

Legend i
_7 Ntemativedesignsstudied 0 POChardwarecomplete r'l Spacequalificationcomplete I
• Finaldesignselected _ Technologydemonstration • Flightdemonstration/precursor I

Figure 4.3.3-1.- TNIM technology development plan.
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data raterequirementsmay increase.Relay satellite
systemsare needed forboth telecommunicationsand

navigation. For navigation, the most critical technology
need is in aerocapture navigation and guidance. Addi-
tional elements requiring development are navigation
satellites, sensor technology, and onboard computers for
autonomous operations. Forinformationmanagement,

Section4,SupportingInh-a_ucumeDescription

the critical technologies are data compression and data
storage. Image data compression is needed to reduce
the data rates and to lessen the data storage require-
ments. Large capacity mass data storage is needed to
meet mission requirements and needs development.
Miss/on timetables demand funding and initiation of
effort in FY 1990 in the identified technology areas.

4-43





SECTION$

Preparatory Program

Descriptions .

Part of the development and analys/s of a range of alter-
natives for expanding human presence beyond low-
Earth orbit is the integration of the other NASA pro-
grams" functional capabilities and responsibilities that 3.
are prerequisite to the implementation of one or mere
exploration alternatives. Therefore, OEXP has provided
requirements for human exploration to the various af-
fected NASA program offices in the form of the Study
Requirements Document (SRD). This section describes 4.

the current NASA preparatory programs in life sciences,
robotic missions, and technology development.

5.1 LIFE SCIENCES

Human exploration of the Moon and Mars presents
unique challenges for life sciences and life support be-
yond those required for the Shuttle or Space Station
Freedom, and life sciences programs significantly im-
pact the ability of the United States to undertake the
exploration missions. The physiological and psychologi-
cal effects of extended exposure of humans to space
radiation, artificial gravity, and isolated and confined
environments must he understood.

Since its establishment, the Office of Space Science and
Applications Life Sciences Division has had two primary
goals: to assure the health, safety, and productivity of
humans in space; and to acquire fundamental scientific
knowledge concerning space life sciences. These two

goals are interactive and have been carefully balanced
in the life sciences research programs. The first goal is
mandatory for supporting the Agency's exploration
goals. The second goal supports the first and is a critical

component of NASA's balanced space science program.

Potential contributions by international partners and the
U.S.S.R. are not factored into this document. Nonethe-

less, such contributions can be substantial, and the Life
Sciences Division plans to pursue the international co-

operation that is already in place for Spacelab, and
planned for Space Station Freedom.

5.1.1 Approach to Meeting Human Exploration
 .ttal .mr. a

To conduct the exploration missions described in the

OEXP case studies, the following five life sciences areas
are required:

Advanced Medical Care: Provide for remote medi-

cal care in the event of illness or injury, develop
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methodologies for crew health maintenance and
monitoring, and identify crew medical skills require-
ments.

.

Reduced Gravity Countermeasures: Develop meth-
ods to maintain the health and physical capabilities
of crews during exposure to micro-, reduced, or
artificial gravity and to facilitate readaptation to
Earth's gravity.

Radiation Protection: Determine chronic low-dose,

solar flare, galactic cosmic rays, and other space and
manmade radiation risks and develop appropriate
countermeasures and warning capabilities.

Life Support: Develop processes for space transfer
vehicles, planetary surface outposts, EVA space
suits, and planetary roving vehicles to revitalize air
and water, supply food, and monitor and decontami-
nate the environment; in addition, develop the pro-
tection and warning requirements associated with
other hazards, such as toxic gases and micromete-
oroids.

, Space Human Factors: Optimize systems design
requirements, procedures, and measures to ensure

safe, productive, and enhanced crew performance.

The importance of each of these areas varies according
to the particular mission. The amount of information
that remains to be gathered before an area can be ac-
ceptably addressed for each mission's conditions also
varies.

5.1.1.1 Advanced Medical Care

Advanced medical care addresses specific capabilities
that are critical for monitoring and maintaining crew
health for extended-duration missions and for sustain-

ing a high level of performance and productivity both
in transit and on a planetary surface. Advanced medi-
cal care for exploration missions will require enhanced
in-flight medical capabilities, on-board medical exper-
rise, and current clinical techniques. Performance re-
quirements for all in-flight medical hardware and soft-
ware will need to be developed, and trade studies (e.g.,
weight, power, consumables, in-flight maintenance, and
cost) will need to be conducted to determine optimal
systems.

Portions of a Health Maintenance Facility (HMF) are
under development and will be flown and evaluated on
early flights of Spacelab and the Extended Duration
Orbiter to eventually become operational on Space Sta-
tion Freedom. The HMF will provide onboard diagnos-
tics, therapeutics, monitoring, and medical information
management. An advanced medical care facility is also
planned as part of the Advanced Technology Develop-
ment Program for Space Station Freedom follow-on.
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Thesefacilities are expected to meet near-term needs for
the health care of astronauts.

As applied to exploration missions, these facilities should
prove adequate for the Lunar Evolution case study, and
with significant enhancements, for the Mars Evolution
case study. In the Lunar Evolution case study, the rela-
tive proximity of the astronauts to Space Station Free-
dom and the possibility of quick, although not immedi-
ate, rescue and return to Earth lessen the need for more
extensive facilities. Nevertheless, on the lunar surface

there will be a greater need for surgical and intensive
care unit capabilities than on Space Station Freedom.
This demand means that on-board computer-aided di-
agnosis systems, automated, miniaturized clinical chem-
istry systems, and a general surgery capability will be
necessary. An evaluation will be needed to determine
the scope and design of an autonomous HMF and also
to ascertain the skills required to make the operations of

such a facility practical.

Space Station Freedom technology will provide a basis
for a lunar operation. A lunar outpost could provide
the reduced gravity environment in which to assess the

requirements and develop the approaches necessary to
meet the greater needs anticipated for a Mars mission.
Without the ability to return crews quickly to Earth, a
Mars mission facility will be required to provide for a
wider spectrum of contingencies. In all mission scenar-
ios, the capability to provide medical care will be de-
fined by medical support equipment and by the medi-
cal skill of the crew; this capability is a key factor for the

exploration missions.

5.1.1.2 Reduced Gravity Countermeasures

Exposure to reduced gravity leads to a significant num-
ber of physiological changes in humans, including:

changes, the physiological effects are progressive and,
with extended periods in space, tend to be cumulative

and require intervention techniques or countermeasures.
However, just what combination of countermeasures
and procedures is necessary or preferred under what
flight conditions is yet to be determined.

So far, the U.S. and U.S.S.R. have relied on exercise re-

gimes, usually vigorous and protracted, to provide the
desired protection. However, it is not clear if physical
exercise will be capable of maintaining crew health for
very-long-duration missions. Astronauts may find dif-
ficulty keeping up the required exercise programs for
the duration envisioned for most exploration missions.
If an astronaut should suffer an accident or become ill

and be unable to exercise for a protracted period, severe
deconditioning would result.

The Life Sciences Division plans to use the opportuni-
ties provided by Space Station Freedom to enhance cur-
rent knowledge on the biomedical effects of weightless-
ness, particularly the extended-duration effects. The
planned Biomedical Monitoring and Countermeasures
program on Space Station Freedom will provide counter-
measures for 6-month crew exposures to microgravity.
This duration extends by more than 3 months the long-
est previous American flight, Skylab 4. In addition to
enhancing biomedical knowledge on the effects of pro-
longed weightlessness and the efficacy of exercise in
maintaining conditioning, the program on Space Station
Freedom will allow for the testing of alternative or sup-
plementary countermeasures such as diet, pharmaceu-
ticals, and perhaps electrical stimulation of muscles. In
order to determine whether zero gravity is an accept-
able environment for the MTV (300- to 400-day nominal
mission), progressively longer tests will be conducted

on orbit. The plan is to provide the requirements for the
MTV by Phase B of the vehicle development.

a. Negative calcium balance resulting in the loss of
bone

b. Atrophy of antigravity muscles

c. Fluid shift and decreased plasma volume

d. Cardiovascular deconditioning resulting in ortho-
static intolerance

e. Reduced tolerance to increased gravity on reentry

f. Possible changes in the body's immune system

In addition to these direct physiological effects, micro-

gravity also leads to changes in neurosensory function,

which, in about 40 to 50 percent of individuals exposed

for the first time, leads to space motion sickness, part of

the so-called space adaptation syndrome. Although it

appears that humans can adapt to the'neurosensory

Space Station Freedom will also allow initial assessments
to be made with animal subjects of the effects of artifi-

cial gravity. Although artificial gravity has never been
tested in space with humans, it has been proposed as a
technique for managing the long-term effects of weight-
lessness. Much as the presence of gravity alone does

not guarantee fitness on Earth, artificial gravity alone is
unlikely to prevent all bone loss, muscle atrophy, and
changes in the cardiovascular system associated with the
space environment, and it may introduce vestibular
symptoms. Nonetheless, a carefully developed regimen
of artificial gravity combined with exercise could pro-
vide the desired results.

The need to provide artificial gravity either continuously
or intermittently during exploration missions is based
on a series of assumptions that need to be validated. The
first and most critical assumption is that all adaptive
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changesof the body to microgravity can be provided by
physical activity in a constant exposure to acceleration
equivalent to that of the Earth's gravitational field (1 g).
In addition, it is assumed that physical activity plus
fractional g, such as that encountered on Mars (0.38 g)
or the Moon (0.17 g), may prevent or reduce physiologi-
cal deconditioning. It is also assumed that as gravity
load increases, the requirement for physical activity de-
creases.

Technology to accurately measure the actual g loads
imposed on the body during the course of normal daily
activities (particularly on the lower extremities) must be
improved so that the actual physiological g-loading
needed to maintain normal functioning can be specified.
Simulation models of the effects of weightlessness have
proved to be of value in approximating the physiologi-
cal deconditioning of space flight. Bedrest simulation
studies will be used to determine the minimum time of

exposure to 1 Gz (without or with activity) required to
prevent changes in the cardiovascular, musculoskeletal,
and nervous systems.

Artificial gravity can be produced in weightlessness ei-
ther by rotating the entire spacecraft or by carrying a
human-rated centrifuge along with or on-board the space
vehicle. Unique impacts are associated with providing
artificial gravity, and its use may be indicated only if
other solutions are found to be inadequate. A long lead
time is required to determine if artificial gravity is effec-
tive or even necessary. Supporting requirements are
provided through the Human Performance element of
Pathfinder.

Construction and flight testing on Freedom of a research
centrifuge facility is part of the artificial gravity research
plan, and definition studies of human-rated artificial
gravity devices should begin as soon as possible. The
gravity threshold may be different for different physio-
logical systems and different species. Animal flight
experiments using the centrifuge facility to compare
constant g exposure at different levels to that of inter-
mittent g could provide information on the relative
merits of constant versus intermittent gravity exposures.
The direct relevance of these studies to man may be
limited, and results should be interpreted with caution.

Equally important is the determination of the acceptable
g-limits and the angular velocities that an onboard de-
vice or a particular vehicle design would impose. The
adaptability of individuals to changing rotational envi-
ronments must be determined. It will be necessary to

develop a human-rated variable gravity research facil-
ity in order to obtain a complete understanding of artifi-
cial gravity and associated exercise countermeasures.

Section5, PreparatoryProgramDescriptions

5.1.1.3 Radiation Protection

A significant life sciences support area to be addressed
in the 1990s is crew protection from space radiation. The
space radiation environment is complex and has seri-
ous implications in terms of acute and chronic effects.
During space flight, crews are exposed to ionizing ra-
diation from a variety of sources, including trapped

radiation belts (protons and electrons), galactic cosmic
radiation, and the potential for solar particle events. In
low-inclination, low Earth orbit (LEO), the primary
source of chronic radiation is the inner trapped proton
belt. Some orbital inclinations will traverse the South

Atlantic Anomaly, where the inner radiation belt is clos-
est to Earth. In addition, in the polar orbits (at the north

and south poles), there is less shielding by the geomag-
netic fields and thus increased exposure to galactic cos-

mic rays and solar particles.

Missions in high-altitude geosynchronous Earth orbit
(GEO) are subject to radiation exposure from electrons
in the outer radiation belt, bremsstrahlung from elec-

tron shielding interactions, galactic cosmic rays, and
solar particle events. Predicting dose rates in GEO is
complicated by the wide variations in temporal intensi-
ties due to diurnal cycles and solar activity. Galactic
cosmic radiation consists primarily of protons (87 per-
cent), helium ions (12 percent), and high energy ioniz-

ing particles (1 percent). Based on data from previous
research, exposure to ionizing radiation may be a limit-
ing factor for both mission and career durations for space
crews. In addition, periodically and unpredictably, solar
flares can irradiate limited regions of space with high
doses that include protons and heavier particles.

NASA is required to provide a system of radiation risk
limitation for all astronauts and space workers using the
ALARA (As Low As Reasonably Achievable) principle

for radiation dose rates. The ongoing life sciences pro-

gram includes space radiation protection research, yet
additional resources are needed to fully investigate and

provide space radiation protection. From a practical
position, all radiation exposure risks could possibly be
reduced, but not completely eliminated. The fundamen-
tal need is to reduce the uncertainties (2X-10X) regard-

ing the galactic cosmic radiation environment. This ra-
diation environment includes the area outside the space-

craft and the resulting dose inside the spacecraft and
inside crewmembers' bodies, as well as the relative bio-

logical effectiveness (carcinogenic and mutagenic) of the
various high-energy particles involved. Cancer and
mutation risk estimates using conventional assessment
procedures are inaccurate, and the projected dose-
equivalent for a Mars mission exceeds the current astro-
naut radiation exposure limits. A more realistic assess-
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mentprocedurefor galacticcosmicradiation needs to
be developed from ground- and space-based radiobio-
logical research results.

The approach to this issue is to utilize existing and new
information on the biological effects of conventional

ground-based radiations to assess space hazards, to
generate new data on biological effects of high energy
heavy ions and secondary particles, to develop addi-
tional dosimetry technology to provide accurate and
reliable passive and active dosimetry for the actual ra-
diation exposures experienced in space flight and for
radiobiological purposes, to further develop models of
the space radiation environment for lunar and Mars
missions, and to develop and validate transport codes

that maybe used for accurately determining dose, dose-
equivalence, and fluence through various shields of
different materials. These transport codes must be flex-
ible to support the evolving radiation risk criteria asso-
ciated with exploration missions.

In terms of the external and internal radiation environ-
ments, it is critical to obtain accurate and reliable de-

scriptions of the fluxes and types of primary and secon-
dary particles. The Life Sciences Division is currently
planning a reusable, free-flying biological satellite pro-
gram (LifeSa0, which will provide the capability to study
the biological effects of radiation dosages, with Phase
C/D currently scheduled for 1992. LifeSat will have
unique technical capabilities to provide artificial grav-
ity levels (0 to 1.5 g), long-duration missions (up to 60
days), and access to orbits (e.g., polar) that can target
experiments to different radiation fields. LifeSat will
provide accurate and reliable information on a unique
spectrum of radiation that will be invaluable for risk
assessment planning for lunar outposts and Mars mis-
sions. For example, it has been estimated that a 60-day
LifeSat mission in polar orbit (90-degree inclination)
would simulate 5 percent of a Mars mission. LifeSat
missions will provide radiation information that cannot
be obtained through ground-based experiments.

The most potentially catastrophic radiation problem for
space crews, in terms of severe damage or even death, is
the occurrence of a solar particle event. Nominal space-
craft thicknesses provide little shielding against solar
particle event protons. Well-shielded radiation shelters

must be provided on exploration spacecraft. Warning
systems need to be developed that provide adequate
notice of a forthcoming solar event. Currently, no the-

ory exists for realistically selecting and assessing shield-
ing materials and thicknesses. Current transport codes
are used for computing the radiation environment.
However, the uncertainties that exist in the computa-
tional environment result in intolerable uncertainties in

the shield thickness required. Theoretical and experi-
mental research is needed to reduce uncertainties and

answer shielding questions such as material, size, mass,
design, and structural integrity. Accurate flexible trans-
port codes must be developed to support evolving risk
criteria for exploration missions.

An important concern is the possibility that the condi-
tion of weightlessness, or reduced gravity, exacerbates

the negative effects of radiation. During weightlessness,
the effectiveness of the immune system in mitigating the

impact of radiation exposure is reduced. If an interac-
tion exists between microgravity and radiation, levels

of acceptable dosimetry may need to be adjusted down-
ward, increased protection may need to be provided, or
some other means may need to be developed to lower
the risk of space radiation exposure.

A long-term research program will examine the nature
of the ionizing radiation environment in space and de-
termine its implications for human exploration missions
to the Moon and Mars. To assure the safety of human

space exploration, specific program objectives include:
develop accurate and reliable dosimetry measurements
of cosmic and solar radiation; quantify various long-term

biological effects of space radiation as a function of dose-
equivalence, fluence, or a biological dosimeter end point
such as chromosomal aberrations; develop accurate

dosimetry for conducting radiobiological studies, moni-
toring astronaut exposures, and developing and testing
models of the space radiation environment; develop
countermeasures, including radioprotectants or nutri-
tional supplements; provide adequate shielding; and
develop a solar monitoring, detection, and warning
system. A baseline ground-based research program will
be augmented by flight experiments, especially in polar
orbits, to study the effects of high-energy ionizing par-
ticles.

Specific shielding technologies to be evaluated and
developed are stored water or propellants, new light-
weight composite materials, active electromagnetic
radiation shielding, and use of planetary surface mate-
rials for outpost habitats. As a means of reducing the
biological impacts of radiation, selected pharmaceutical
radioprotectants and dietary supplements also need to
be evaluated.

5.1.1.4 Life Support

The development of regenerable life support systems
with enhanced efficiency for food production and wa-
ter and air recycling is required for long-duration mis-
sions with sizable crews but is beyond the current state

of conventional life support technology. As mission
duration and number of crew increase, the moss and

volume required for consumable life support supplies
and spare parts also significantly increase. The reliability
of current systems will be taxed as the need for regen-
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erationincreasesandlogisticslinesincreasein length
and complexity. A solution to the problem is to develop
reliable recycling technology for life support needs.

There are three major applications for life support sys-
tems in human exploration missions: (1) space trans-
portation vehicles, (2) extravehicular activity suits and
vehicles, and (3) extraterrestrial habitats. The life sup-
port requirements for each include supplying life sup-
port needs and monitoring air, water, and food quality.
The use of in situ resources to reduce life support logis-
tics requirements will enhance long-term human habi-
tation away from Earth.

For vehicle and surface EVA systems, an improvement
in physical-chemical life support technology is needed
across the board. There have been significant advances
since the Apollo era, but existing portable life support
systems are too large and require extensive logistical
support. To meet the needs of the exploration missions

and minimize the risks for surface EVA systems, light-
weight, high pressure suit options need to be readied
for advanced development. Areas to be emphasized will
include: lightweight and durable materials, glove de-
sign, dust contamination protective measures and tech-
niques, lower torso mobility systems for walking, ancil-
lary mobility systems for surface transportation, and
lightweight, compact, portable life support system tech-
nologies.

For habitats, a major life support objective for explora-
tion-class missions is to develop a regenerative system
through the integration of biological and physical-chemi-
cal processes. This system could reduce or even elimi-

nate resupply problems by producing food, potable
water, and a breathable atmosphere from metabolic and
other wastes in a stable, efficient, and reliable manner.

An important related near-term objective is to develop
an accurate monitoring system to assess the quality of
recycled air, water, and eventually food and to detect
trends or changes in environmental quality.

Once improved regenerative systems have been ground-
tested, Space Station Freedom will be used to assess

reliability in microgravity, both at a subsystem and at
an integrated-system level. Physicalchemical systems
developed in the past are being integrated and tested by
the Space Station Freedom program, but the final con-
figuration of the Freedom Station life support system
may not be fully regenerative, even for air and water.
Advanced technologies must be made available early in

the development of the exploration missions. Of par-
ticular urgency is the requirement to reprocess and re-
claim wastewater. Water is essential, but massive and

expensive to transport. A high percentage of water rec-
lamation is a first-order objective being pursued through
ground-based research. The technology needed to in-
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crease the regenerative yield is within reach, but at pres-
ent it is uncertain whether the final Space Station Free-
dom configuration will incorporate water reclamation.

For the exploration missions, a series of research activi-
ties to develop a complete or partial bioregenerative life
support system is underway and planned for later test-
ing on Space Station Freedom. The first is a technology
demonstration project for a regenerative life support
facility that evaluates performance of plant growth tech-
nologies in the space environment. Once the facility is
available, it will be used to determine the effects of the

space environment on plant productivity across a range
of environmental parameters. A final step in the dem-
onstration series of regenerative life support projects will
be to build, test, and evaluate the physical/chemical/
biological systems required for future exploration mis-
sions.

Essential in the development of regenerative systems are
investigations and technology development in the areas
of plant growth, food processing, sensing, controls, and
automated monitoring and contamination detection
systems. Information from space human factors will be

integrated with life support requirements for food prepa-
ration systems.

For any life support system, comprehensive environ-
mental monitoring is required to help ensure crew health
and safety. Possible chronic exposure of crewmembers
to environmental contaminants can result from materi-

als offgassing, undetected leakage of payload and util-
ity chemicals, or malfunction of life support systems.
Although general monitoring requirements, such as the
need to monitor organics in the spacecraft atmosphere,
may be constant across all exploration missions, some
monitoring targets will be mission-specific. Specific
contaminants may be different in space, on the Moon,
or on Mars.

Environmental health system equipment being devel-
oped to monitor the quality of Space Station Freedom's
air and water may be adequate to meet many environ-
mental monitoring needs during exploration missions.
However, mission-specific design constraints, such as
limitations on consumables, will likely be more demand-
ing for exploration missions than for Space Station Free-
dom. In this case, development of new monitoring tech-
nologies may be required to meet the environmental
health needs of exploration missions.

5.1.1.5 Space Human Factors

For exploration goals, the space human factors research
must expand from its current base to accommodate the

new challenges associated with each mission. At pres-
ent, it is the intent of the Life Sciences Division Space
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Human Factors Program to develop a quantitative base
for enabling human exploration missions, but further
definition may alter the program substantially.

NASA's planned exploration missions will involve send-

ing small groups of people into space for extended peri-
ods. The success of long-duration exploration missions
involving either a lunar outpost, a Mars expedition, or
evolutionary missions, will require a thorough under-
standing of the conditions that support and enhance
human capabilities for living and working productively
for prolonged periods of isolation and confinement. The
requirements for designing environments and counter-
measures that will ensure crew safety, productivity, and
health are derived from the Space Human Factors Pro-
gram in the Life Sciences Division. This program takes
an interdisciplinary approach to understanding basic
human capabilities in the space environment, including
psychological, social, perceptual, and behavioral aspects,
as well as such interactions with the physical environ-
ment as human-machine interface and habitability.

Future exploration missions will be carefully examined
from a space human factors perspective. One of the key
issues is the effect that prolonged isolation and confine-
ment in artificial environments have on both individual

functioning (i.e., psychological and behavioral) and crew
effectiveness and performance. Significant questions
concern crew composition and motivation, skill train-
ing and retention, inflight behavioral performance as-
sessment, and communication and information manage-
ment.

The social and psychological effects -- the perceived
quality of living-- of the physical environment fall under
the topic of "habitability." Spacecraft architecture and
outfitting are particularly relevant. Studies are being
planned to identify key habitability requirements, such
as the amount of volume needed for individual and

group activities, variety in the visual/aesthetic environ-
ment, work/rest schedules, personal health mainte-
nance, hygiene, recreational facilities, and food prepa-
ration systems. These requirements will be derived
through computer models in which movement and ac-
cess are studied. These models will be verified in ana-

logs such as underwater habitats and Antarctic research
stations. Studies will also be performed in mockups and

on Space Station Freedom.

Crew corm_ition. To determine the composition of space-
based and ground-based crews for long-duration mis-
sions, a number of factors must be considered: which

personal and interpersonal characteristics relate to
smooth-functioning and productive groups (baseline
data), how the desirability of certain characteristics might

vary with organizational variables such as task and
authority structure, and what the impact is of sudden

changes to group functioning, such as the rotation of
members. Psychological issues related to the dynamics
of crew composition are also important. These issues
include interactions between crewrnembers who explore

the planetary surfaces and those who remain in the
spacecraft, and psychological and social support for
crews. In addition, research to examine crew psycho-

logical selection criteria will be undertaken for extended-
duration, self-sufficient missions. Both simulation and
field studies are being conducted, using the NOAA

habitat, to provide significant information on baseline
human factors questions. These studies are also exam-
ining the influence of task and authority structure as well
as the influence of new members and unfamiliar crews

on performance and productivity. Based on this re-
search, crew training strategies have been developed and
are being successfully implemented. As this work con-
tinues to grow and progress, it will be necessary to ver-
ify findings in a long-duration analog, such as Antarc-
tica.

Training and Skill Retention. Training and skill retention
will be studied in ground-based laboratories. One of
the major issues for long-duration missions is cross-train-
ing, which is necessary because of the slow or nonexist-
ent capability for quick return to Earth in the event of

incapacitation of one crewmember and the limited crew
size compared to the range of tasks that must be per-
formed. A second key issue is skill retention. For ex-
ample, in the Mars exploration mission, the crew must
dock with Space Station Freedom 18 months or more
after its last practice session. Onboard simulators and
training exercises in the work schedule will be needed.
These requirements will drive the design of workstations
and onboard software, and must be identified early in

the life cycle of the proposed programs. However, by
definition, studies to measure skill retention over 18
months require a full 18 months to complete; thus, long
lead-time testing is required.

In-Flight Behavior�Performance Assessment. Space environ-
ments, like other isolated and confined environments,

are known to produce environmentally induced stress.
In space, there are additional physiologically induced
stresses. Environmental and physiological stresses in
combination are likely to result in behavior/perform-
ance deterioration in long-duration space missions.

In-flight assessment of performance becomes as impor-
tant for monitoring the crew's capabilities as built-in test
equipment is for monitoring the craft's hardware status.
Non-intrusive measures that are built into the software
and hardware will allow evaluation of crew stress lev-

els, error rates, frequency of utilization of various capa-
bilities, and other measures of performance level. This
information can be used to plan training and refresher
courses, as well as to detect the need for other assistance
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to the crews. Non-intrusive data collection procedures
are currently being studied under the OSSA base pro-
gram. These techniques need to be qualified in STS
missions and on Space Station Freedom for use in

planned exploration missions. In addition to the cogni-
five performance measures, physiological performance
measures must be made. Models describing the effects
of zero gravity and space suits on physical behavioral
performance are being developed through the base
program and the Pathfinder initiative. These models will

provide a basis for systematic assessment of strength and
motion capabifities in reduced gravity environments. In
addition, performance assessment and exposure must
be lengthened through long-duration analog studies.
The results of these studies should be mapped to the
results of the zero gravity/artificial gravity work to
develop recommendations on total stress and its man-

agement in the space environment. In-flight experiments
will be needed to validate findings and recommenda-
tion_

and where they need it? Is the decision process changed
by the communication medium? What relationships
evolve over long durations between space and ground
crews communicating through media?

Communication patterns have shown themselves to be
highly sensitive indicators of crew functioning and have
been used to measure coordination and productivity of
the crew. The relevant importance of the communica-
tion/information area will vary according to the mis-
sion requirements. Research efforts should be initiated
such that selected findings can be verified on Space Sta-
tion Freedom and data are available to support the phase
C/D milestone target dates of the two evolutionary case

studies. The Mars Expedition case presents a timing
problem since communication/information require-
ments impact vehicle planning. If an effort were to be
undertaken to study this area of communication, useful

information should be available about halfway through
the C/D phase of the piloted vehicle.

Crew-Machine Interaction. An additional performance
factor is the interaction between crews and automated

spacecraft systems. At present, well-established prin-
ciples do not exist to guide the distribution of tasks be-
tween human and automated systems for maximum
efficiency and reliability. Uniform assignments of tasks
to crews and automated systems may increase problems
caused by human errors or the inflexibility of automated
systems. Performance measures can be examined
through ground-based testing of new technologies, in-

cluding reliability, feasibility, and utility. The psycho-
logical effects of automating critical systems need to be
examined in high-fidelity environments where it is fea-

sible to accurately assess efficiency, utility, and safety
impacts. The Space Shuttle and Space Station Freedom
can be used to measure crew use of and reactions to au-

tonomous systems. Objective and subjective perform-
ance measures can be obtained by monitoring crew
requests for information that the automated system does
not supply, or obtained subjectively through crew feed-
back.

Communication/lnformation Resource Mana?cmcn t. OEXP,

through the NASA Headquarters Office of Space Op-
erations, is currently implementing plans to meet the
total communications and information delivery require-
ments implicit in the exploration mission. Over and
above this basic requirement is the need to determine

the dynamics of communication/information systems
when functioning crewmembers are in the loop. Basic
questions to be investigated include: What are tolerable

delays in a two-way verbal exchange, and how long is
the crew able or willing to wait for information? What
are the implications of remote versus onboard informa-

tion systems? How can information, at the right level
and in the right form, be brought to crewmembers when

5.1.2 Impact on/Applicability to Current Programs

The current research programs will provide the required
life sciences human exploration information in all five
critical areas: (1) advanced medical care, (2) artificial

gravity countermeasures, (3) radiation protection, (4) life
support, and (5) space human factors. Research centers
are actively pursuing the development of computational
tools for assessing crew performance in zero or partial
gravity, and a collective effort by the NASA Centers has
been undertaken to conduct a state-of-the-art review of

human tolerance and performance in isolated, confined,

and hazardous environments. Techniques to develop
non-intrusive performance measures are also being
developed.

The information derived from the life sciences artificial

gravity program will be directly applicable to the devel-
opment of biomedical countermeasures and will aid the
entire countermeasure program. Current lunar outpost
scenario plans assume the adequacy of lunar gravity in
preventing detrimental human responses to micrograv-
ity. Should that not prove to be the case, plans for lunar

surface outposts would have to be appropriately modi-
fied.

If gravitational "thresholds" are found to be different

for different systems of the human body, this may influ-
ence the direction of countermeasure development and
testing. It could also contribute to understanding basic
biological principles regarding the importance of grav-
ity in the evolution and function of these systems on
Earth.

The major programmatic impacts for all five life sciences
human exploration areas include manpower, facilities,
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and new technologies. More staff is required, especially
at the Field Centers, to fulfill the requirements for ob-

taining life sciences exploration information. In several
life sciences areas, the same key personnel who form the
core of the biomedical research program also form the
core of the artificial gravity program. As exploration

missions are planned, there will be an increased need to
recruit experts in the near term to take on the responsi-
bilities of key staff who will retire. It is critical to estab-
lish research fellowship/traineeship programs in each
of the five life sciences areas to have an available human

resource base for the exploration missions.

Ground- and flight-based facilities are needed to get the
required life sciences information for exploration mis-
sions. Some facilities will require upgrading and minor
modification (e.g., human-rated centrifuges, bed-rest
facility), while other facilities will need to be developed
(e.g., LifeSat, analog environments).

State-of-the-art technologies must be developed for the
provision of advanced medical care, noninvasive behav-
ioral analysis capabilities, life support subsystems, and
biological dosimetry needed to assess current technolo-
gies and to identify the critical technology needs.

5.1.3 Support Required from Other NASA Programs

Human exploration missions will require support and
interaction among all the NASA programs involved in
life sciences and life support activities. A greater ex-
change of information as well as increased coordination
and integration of programs and activities among all
participants are required to support the development of
critical life sciences information and technologies essen-

tial to meet the goal of human exploration of the solar
system.

The Space Transportation System (STS) and Space Sta-
tion Freedom will provide the base and test-beds to
validate ground-based life sciences research findings.
For the near term, continuing support from a planned

series of STS/Spacelab missions and the Extended Du-
ration Orbiter (EDO) program will provide information
for the development of advanced medical care proce-
dures and equipment for use on Space Station Freedom.

The STS is a key element in developing life sciences
capability for exploration missions. Dedicated middeck
accommodation on Shuttle and experimental access to

the EDO will also be required to obtain critical life sci-
ences information. The EDO will also provide the op-

portunity for testing biomechanical and performance
changes in zero-g over time. The validation of the g-
loading model can be tested using a modified Skylab
treadmill during Shuttle and EDO missions. Early

knowledge of the g "threshold," even by indirect means,

would have an enormous impact on vehicle design and
on planning long-duration Moon and Mars exploration
missions, particularly if the gravitational threshold is
above the equivalent of 0.4 Earth gravity. Continued
support is needed from the Office of Space Flight, in
terms of flight and experiment accessibility, for the

purpose of updating and refining technologies in the life
sciences areas, such as physiological loading and accu-
rate dosimetry measurement of space radiation. The
Office of Space Flight will also coordinate activities with
the Life Sciences Division to provide launch capabilities
for the planned reusable, recoverable free-flyer satellite
(i.e., LifeSat). LifeSat will be required to fly in polar and
geosynchronous orbits to obtain information for radia-
tion dosimetry measurements.

Space Station Freedom will be a test-bed for studying
many of the life sciences human exploration-related
requirements. The Biomedical Monitoring and Counter-
measures program is needed to develop countermea-
sures for long-duration space flight. Non-intrusive
measures can be developed to obtain information on
crew interactions, physical performance, quality of work,
crew interaction with automated systems, work/rest
schedules, and other habitability factors. On-orbit arti-
ficial gravity centrifuges will enable small animal and
plant research, as well as the initiation of variable grav-
ity studies. Regenerative life support systems for long
duration exploration missions can be tested on Space
Station Freedom. Improved EVA suits and capabilities

can also be tested on Space Station Freedom.

Support will also be required from other Divisions within
the Office of Space Science and Applications. Support
from the Solar System Exploration Division will be

needed to fly radiation detectors on planetary missions.
This equipment is necessary to establish the experimen-
tal data from which tolerance levels, countermeasures,

and warning systems for radiation can be developed.
Some of the efforts of the Space Physics Division will
also help to support the development of an accurate and
reliable solar event protection and warning system for

exploration missions.

5.1.4 Options and Trades

Life sciences requirements differ from those of, for ex-

ample, propulsion or transportation systems, in that
living systems, although flexible in many ways, are to-
tally unaccommodating in others. For instance, if oxy-
gen is lacking in the environment, oxygen must be sup-

plied -- there are no alternative solutions or worka-
rounds. The trade options for moeting a requirement to

supply oxygen fall in the category of design studies, not
the life sciences evaluations. Therefore, the Life Sciences

Division will participate in assessing trade options that

are evaluated in the design process. Coordination with

5-8
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the Office of Aeronautics and Space Technology and
other NASA offices that examine technical alternatives

to meet life sciences requirements will ensure evaluation

of impacts to advanced medical care, artificial gravity/
countermeasures, radiation, life support, and crew fac-
tors/human factors.

sa.5

To undertake and successfully implement the human
exploration of the Moon and Mars requires life sciences
information in advanced medical care, countermeasures

(with or without artificial gravity), radiation exposure,
life support, and space human factors. The programs
and activities planned by the Life Sciences Division
conform to the direction and goals of NASA's explora-
tion mission. Meeting the proposed schedules will re-
quire an aggressive program of life sciences activities
conducted throughout NASA. This will require research
and development activity over the present baseline
program. For example, such an aggressive program is
already contained in the combined OSSA Strategic Plan
and the Human Performance element of Project Path-
finder. This program must continue to be implemented
and integrated. In addition, an aggressive research and
flight testing program will provide the life sciences data
on which to base mission and vehicle design decisions.
This program is essential and achievable; however, two
factors impact the reliability of the data. The current
milestone for making these decisions requires testing and
validation on Space Station Freedom. Testing on
Spacelab and other Shuttle missions will be useful and

essential, but may be limited, due to both exposure
duration and species constraints. Carefully controlled

inflight experiments are needed to provide the required
life sciences information to meet human exploration
milestones.

In addition to the research and engineering requirements
noted, the support of other NASA Headquarters organi-
zations, particularly in providing early access to space
flight testing, is required.

5.2 ROBOTIC MISSIONS

The robotic solar system exploration program is admini-
stered by the Office of Space Science and Applications
(OSSA) and managed by OSSA's Solar System Explora-
tion Division. The program uses a series of coordinated
strategic missions to obtain scientific and technical in-
formation for research that will both advance scientific

understanding and enable man to continue the explora-
tion of the solar system. Many of these robotic missions
will serve as precursors to human exploration missions

by focusing the development of required technologies
and demonstrating the engineering capabilities needed
to conduct human exploration of the Moon and Mars.

5-9
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5.2.1 The Solar System Exploration Division's Role in
Human_ Exploration

During the last 2 fiscal years, the Solar System Explora-
tion Division has been responsible for identifying pro-
grams to satisfy an emerging and maturing set of re-
quirements identified and managed by OEXP. Respon-
sibilities in support of human exploration are to define
and execute robotic missions and studies to (1) establish

and maintain the scientific and technical databases, and

(2) provide selected technology and engineering dem-
onstrations.

5.2.2 The Robotic Mission Definition Process

A first step in defining robotic missions to support
human exploration of the solar system was to assess
current OSSA Mars and lunar programs for their capa-
bility to satisfy known requirements. Candidate mis-
sions, either under development or being studied as part
of the Solar System Exploration Division advanced stud-
ies effort, are the Mars Observer, Mars Rover/Sample
Return, and Lunar Observer.

The Mars Observer is in development and on schedule
for launch in September 1992. The Mars Observer will
return valuable information compatible with any rea-
sonable manned program; however, the mission will
provide neither the high-resolution images necessary for
support of manned operations nor the technology dem-
onstrations deemed mandatory for future manned Mars
operations. A supplemental Mars mission such as Mars
Rover/Sample Return (MRSR) would be required.

The situation created by the expectation of human ex-
ploration of Mars in the near future is that crucial sci-
ence and engineering data needed for designing manned
systems and for conducting operations would be needed
very early in the program. These data would be obtained
by robotic missions. However, the time required for the
design and conduct of a complex robotic mission (such
as a sample return) is such that the precursor programs
must begin soon. If they do not, the precursor missions
could well become critical elements as well as the sched-
ule drivers.

For human exploration of the Moon, the Lunar Observer,
together with historical information gathered during
Apollo, would be sufficient to satisfy existing precursor
requirements. The Lunar Observer is planned to start
in the early 1990s with flights anticipated in the late
1990s.

5.2.3 Approach to Meeting Exploration Requirements

The requirements of any robotic program designed to
support a human landing must be structured to resolve
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the following broad issues:

a. Landing site selection and certification

b. Crew safety issues and mission success concerns

c. Technology and engineering demonstrations

many of the OEXP requirements as possible. The sec-
ond effort was to ascertain the feasibility of integrating
the program into the OSSA strategy consistent with es-
tablished requirements and scheduling guidelines.
MRSR was the primo program candidate for Mars, as
Lunar Observer was for the Moon.

To resolve these issues, each mission might be charac-
terized by a large, complex, long-duration flight that
would satisfy several requirements, including high-reso-
lution imaging, science investigations, and engineering
and technology demonstrations. In addition, the em-
placement of human exploration infrastructure elements
that would support both the precursor and the manned
program w e.g., communications orbiters, imaging
orbiters, surface landing beacons, science surface pack-
ages, etc. u may ultimately be adopted as precursor
objectives in a well-integrated human exploration/sci-

ence program.

The Study Requirements Document (SRD) establishes
requirements for unmanned robotic missions to (1) ob-
tain science and engineering data needed to permit the
design of safe and efficient spacecraft and crew systems,
science and operations support equipment, and tools;

(2) provide imaging and mapping information for se-
lection of safe but scientifically interesting landing sites;
and (3) demonstrate the engineering and technology that
will be essential before human exploration can safely
proceed.

The Solar System Exploration Subcommittee of the
NASA Advisory Council began a strategic planning
effort before the FY 1991 budget submission to assess
and restructure the solar system exploration program
in a two-step process. The first step was to conduct a
definition workshop in March 1989 to address program
content, priorities, and alternative planning approaches.
Timing was dictated by new administration, new budget,
and further Soviet program insight. The second step
was to conduct an evaluation workshop in June 1989 to
refine the updated planning process and recommend
near-term priorities before the FY 1991 budget submis-
sion.

Although the scope of the SSES workshops included the
broader range of robotic exploration of the solar system

including the inner and outer planets as well as the
comets and asteroids-- much effort was focused on the

exploration of Mars. The strategy of a "Mars centerpiece"
was to create a flexible basic scenario that protected key
options associated with the growing human exploration
interest and the emerging potential for international
participation.

A major U.S. commitment to a human Mars or lunar
program would involve the equally important commit-
ment to the robotic program. Without a national com-
mitment to a Mars or lunar program, OSSA has reexam-
ined and restructured its strategy to focus on the Moon
and Mars, but not to abandon other elements of explo-
ration objectives. The responsibility of OSSA in general
and of the Solar System Exploration Division in particu-
lar includes the exploration of bodies other than Mars
and the Moon. Thus, the OSSA strategic plan, while
recognizing the importance of and growing interest in
Mars and the Moon, reflects the objective of exploring
the other inner and outer planets as well.

Barring additional commitment of resources or interna-
tional participation, the allocation of OSSA resources to
carry out a more intensive or aggressive Mars or lunar
program would be accomplished only at the expense of
other elements of the plan. Alternative program plans
could be developed, which would result in a more flex-
ible OSSA posture if a human exploration initiative were

forthcoming.

To that end, two parallel efforts were initiated by the
Solar System Exploration Division. The first effort was
to identify candidate precursor programs that satisfy as

Three scenarios were developed and are shown in table
5.2.3-I. The first, labeled "OSSA only," conforms to the
current OSSA new start and funding guidelines as de-

fined in the Office's 1989 Strategic Plan. The second
scenario, labeled "Code E/Code Z," is based on the as-

sumption that resources available to Code E (OSSA) to
support the plan would be augmented by funds avail-
able to Code Z (OEXP) to make the program feasible.
The third scenario, labeled "International," assumes that

resources outside the OSSA strategic plan guidelines
would be made available for conducting an international

program of Mars exploration.

The final strategy recommended by the Solar System
Exploration Subcommittee was to maintain a balanced
exploration emphasis with programs such as Lunar
Observer, Comet Nucleus Sample Return, and an outer
planet orbiter and probe, while pressing for Mars sur-
face exploration as soon as possible. The Mars surface
probes would include a Mars International Network
(and aeronomy), Mars Rovers, and Mars Sample Return.

5.2.4 Impact on/Applicability to Current Programs

The Lunar Observer Program is in the initial stages of
the requirements definition process; the Mars Observer

v.._
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TABLE 5.2.3-I.- MARS CENTERPIECE PROGRAM STRATEGY SUMMARY

New OSSA-only scenario
start
year Launch year Mission

19g_

(moderate

_mrO

1996

starO

1906

Mar.ImaSlng(.uper-M_r.
Olmerver camera) and seronomy

orbit_ with penetrator
network (4-6 sites)

Code E ] Code Z scenario

Launch year Mission

Marsimaging(super-Mara
ObservercamenOand

1996 aeronomy orbiterwith pe_da_tor

network (46 sites)

Internationalscenario

Launch year Mission

Soviet M_n, orbiter w/balloons,

1994 eggs and Ix,netrators + U.S. VIMS

experiment

U.S. Max,s super-Mars Observer
1996 camera and seronomy orbiter with

penetrator network (4-6 sites)

"1908
Soviet Mars rovers with ESA

communications rehy and
U-q. tracldng/ops ,upport

"2001
Mars limited

autonomy rover
Marssamplereturn

2001 with local rover 2001 U.S.Mars sample return
with local rover

1999

(moderate

.taro
2O05

Mar.imaging(h/gh-resohtion)l
communications orbiter

2001-4_

6_,la' 2{X_
M•ra sample return
with local rover

Mara l_t_

"2007+ autonomy roveT

"Rover would conduct • one-way

traverse, deploying sample caches
along the way at safe la.nd/ngsites
marked with beacons.

* Rover could be flown separately,
or on an early p/loted mission;
teleopersted control either h'om
Mars orbit or Earth.

* Rover would conduct • one-way

traverse, deploying sample caches
along the way at safe landing sites
marked with beacons.

is now in Phase C/D development and is scheduled for

launch in September 1992. There is no impact to these

programs due to precursor requirements.

The MILSR advanced study project is now completing

Phase A studies. However, no significant impact is

anticipated because the project has maintained a close

liaison with the human exploration precursor require-
ments studies.

s.z.s

pabilities that would make the OEXP case study and

robotic Mars precursor missions possible will depend

upon successful research and technology development

in a broad array of areas. This section discusses (1) the

approach being used to determine and satisfy explora-

tion technology needs, (2) specific technology needs

identified during FY 1989 exploration studies, (3) the

current content and status of technology programs sup-

porting exploration, (4) advanced development options

for exploration within NASA program offices, (5) out-

standing strategic issues, and (6) summary conclusions.

Mars is rapidly becoming unreachable within the near-

term resources available to OSSA, primarily due to the

divergence of available resources and the growing

complexity of exploration requirements. Carrying the
science investigation of Mars to more intensive levels

will apparently require an evolving relationship with

human exploration initiatives enhanced by the signifi-

cant potential benefits of international cooperation.

5.3 TECHNOLOGY DEVELOPMENT

The Office of Aeronautics and Space Technology (OAST)

is responsible for planning and implementing space
research and technology (R&T) programs for future

NASA mission programs. The development of the ca-

s.3.1

The approach used to develop and implement plans for

human and robotic solar system exploration technology

involves several iterative steps. OAST analyzes explo-

ration mission options, systems concepts, and identified

technology needs, an analysis that includes active par-

ticipation by user offices in technology assessments,

options identification, and determination of appropri-

ate levels of technology readiness and performance para-

meters. As a result of this analysis, potential technol-

ogy needs and opportunities are identified, and ongo-

ing technology programs are examined to assess the

current state of the art in a technology area and to de-

velop preliminary program plans where appropriate.
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The information below provides first a restatement of
exploration technology needs, including those for each
of the FY 1989 human exploration case studies and for a
robotic Mars precursor program, and then a status re-
port on the NASA exploration technology program,
focused on selected elements of the Civil Space Tech-

nology Initiative (CSTI) and the Pathfinder Program.

An overall planning framework (see figure 5.3.1-1) for
exploration mission planning and exploration research
and technology planning has been established by man-
agement in OAST, OEXP, and OSSA/SOlar System
Exploration Division. Within that framework, there is a
planned negotiation process between flight system and
R&T managers, keyed to the notion of increasing levels
of "technology readiness" that are achieved within a
mission-focused R&T program, such as Pathfinder, and
demonstrated through specific technology breadboards
and/or test-beds. Figure 53.1-2 details the established
levels of technology readiness. Together, the mission/
technology coordination schedule framework and the
technology readiness levels provide a top-level context
for specific exploration system technology needs identi-
fication, assessments, and prioritization.

As part of the FY 1989 OEXP study process, technology
needs have been identified for each of the case studies,

keyed in each instance to a specific mission system within
the particular scenario. These technology needs were
assessed and prioritized in terms of several criteria that

were developed in parallel with criteria and planning
processes used within the Pathfinder Program in FY
1988. These criteria included (a) Commonality: the de-

gree to which the technology need is common to more
than one case study, rather than unique; (b) Timing: how
soon the technology must be brought to readiness to
support a Phase C/D start for the specific mission sys-
tem; and (c) Risk�Challenge: the inherent challenge in

developing the technology, plus the uncertainty of that
development given current and/or projected resources
for that effort. Table 5.3.1-I summarizes the criteria

applied to prioritize human technology needs.

5.3.2 I_xploration Technology. Needs and Assessment

Three case studies were examined during FY 1989:
(1) Lunar Evolution, (2) Mars Evolution, and (3) Mars

Expedition. Each mission involves an array of advanced
technology needs, which either enable a particular mis-
sion design and its objectives or substantially enhance
the mission design (through risk or cost reduction, or
significant improvements in performance). Table 5.3.2-
I summarizes the major technology needs for these case

studies and provides an integrated assessment of crite-
ria (including risk/challenge).

In addition to direct human exploration mission stud-
ies, OEXP, in combination with the Office of Space Sci-
ence and Applications (OSSA) Solar System Exploration
Division, conducted a robotic Mars precursor explora-
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Figure 5.3.1-1.- Exploration mission and technology planning schedule.
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Mission-
focused
research
and
technology

1 Basic principles observed and reported

2 Technology concept/application formulated

3 Analytical and experimental critical function
and/or characteristic proof-of-concept

Basic
research

4 Component and/or breadboard validation in laboratory

f,
5 Component and/or breadboard demonstrated in

relevant environment (ground or space) i

6 System validation/engineering model demonstrated
in relevant/simulated environment (ground or space)

System-
specific

advanced
development

7 System validation model/engineering model
demonstrated in actual environment (space)

Figure 5.3.1-2.- Technology readiness levels and R&T program phases (including the approximate

relationship between base and focused R&T programs).

I

TABLE 5.3.1-I.- EXPLORATION RESEARCH AND TECHNOLOGY RANKING CRITERIA

System/Approach Common Unique

Need Enabling I II

Categories Enhancing . _ lII IV

Needs

Timing

Period

A Near term

B Mid term

C Far term

Phase C/D IOC

Post 1994 Pre 2004

Post 1997 Pre 2007

Post 2000 Pre 2010

Development

Risk/Challenge

1 High risk

2 Med risk

3 Low risk

Fundamental R&D and/or no program in place

Components and/or program in place with limited funding

On schedule;program fully funded

Common:

Unique:

Enabling:

Enhancing:

Required by all or most pathways and approaches. Specifically, a technology must be

needed for both lunar and Mars scenarios In order to be in this category.

Required by only one or two pathways or approaches that NASA, as an agency, wishes to
protect the option for implementing.

Those technologies which must be available in order for the mission to be a success

either from a technical feasibility/performance aspect or from an affordability aspect.

Those technologies that yield a significant net positive benefit in terms of capability
and/or affordability.
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TABLE 5.3.2-I.- TECHNOLOGY NEEDS BY RANK

Technology

Construction technology

Surface transportation technology

Regenerable life support system
Trace contaminant control

Waste management
Water recovery/management

In-space vehicle processing/servicing

Aerocapture (low energy @ Earth)

Radiation protection

Surface power (<1 MWe)

EVA systems technology

Atmosphere revitalization

Cryogenic fluid supply/storage/management

Cryogenic fluid transfer/handling

Chemical ascent/descent engine

Cryogenic fluid supply/storage/management

Cryogenic fluid transfer

Long-lived life support units

Advanced chemical transfer engines

In-space assembly - vehicle level

Aerocapture (low energy @ Mars)

Aerocapture entry/landing @ Mars

Nuclear thermal rocket propulsion

Autonomous rendezvous and docking

Mobile power systems
Thermal control

In-space assembly - element level

Autonomous landing
Dust contamination control

Ka-band communications technology

Lunar oxygen production

Mining technology
Mars water extraction

Aerocapture (high energy @ Earth)

Artificial gravity vehicle

Direct entry @ Earth (high energy)

Artificial-g vehicle deployment and control
Tethers

Parachute system (Earth/Mars)

Inflatable structures

Propellant storage and transfer
Mineral beneflciation

Surface power (>1 MWe)

Food production

Ranking I T ing l Ri k [
Enabling Common Near Med
Enabling Common Near Med

Enabling Common Near Med

Enabling Common Near Med

Enabling Common Near Med

Enabling Common Near Med

Enabling Common Near Med

Enabling Common Near Med

Enabling Common Near Med

Enabling Common Near Low

Enabling Common Near Low

Enabling Common Near Low

Enabling Common Near Low
Enabling Common Near LOw

Enabling Common Near LOw

Enabling Common Near Low

Enabling Common Near Low

Enabling Common Near Low

Enabling Common Near Low

Enabling Unique Near Med

Enabling Unique Near Med

Enabling Unique Near Med

Enabling Unique Near Low

Enhancing
Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Common Near High
Common Near Med

Common Near Med

Common Near Med

Common Near Med

Common Near Low

Common Near Low

Enabling Unique

Enabling Unique

Enabling Unique

Enhancing Unique

Enhancing Unique

Enhancing Unique

Enhancing Unique
Enhancing Unique

Enhancing Unique

Enhancing Common

Enhancing Common

Enhancing Common

Enabling Common

Enabling Common

Mid Med

Mid Med

Mid Med

Near Med

Near Med
Near Med

Near Low

Near Low

Near Low

Mid Med

Mid Med

Mid LOw

Far Med

Far Med

Integration area

Planetary surface systems

Planetary surface systems
Planetary surface systems

Planetary surface systems

Planetary surface systems

Planetary surface systems
Orbital node

Transportation
Transportation

Planetary surface systems

Planetary surface systems

Planetary surface systems
Orbital node

Orbital node

Transportation
Transportation

Transportation

Transportation

Transportation
Orbital node

Transportation

Transportation

Transportation

Orbital node

Planetary surface systems
Planetary surface systems

Orbital node

Transportation

Planetary surface systems

Transportation

Planetary surface systems

Planetary surface systems

Planetary surface systems

Transportation

Transportation

Transportation

Transportation

Transportation

Transportation

Planetary surface systems

Planetary surface systems

Planetary surface systems

Planetary surface systems

Planetary surface systems

K..

v_
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Technology Ranking

Essential element extraction

High power electric propulsion (MW class)
Nuclear power for NEP

Aerocapture (dual use @ Mars/Earth)

Enhancing

Enhancing

Enhancing

Enhancing
Lunar ceramics production

Lunar hydrogen production

Lunar metals production

Mars atmospheric oxygen exU'action
Phobos/Deimos water extraction

In situ propellant engines

Solar power for SEP (MW class)

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Common

Common

Common

Unique

Unique

Unique

Unique

Unique

Unique

Unique
Unic ue

I I
Timing _ Integration area

Far Med Planetary surface systems

Far Med Transportation

Far Med Transportation

Far High
Far Med

Far Med

Far Med

Far Med

Far Med

Far Med

Far Med

Transportation

Planetary surface systems

Planetary surface systems

Planetary surface systems

Planetary surface systems

Planetary surface systems
Transportation

Transportation

tion program study. The Mars Rover/Sample Return
(MRSR) mission study defined a set of technology re-
quirements that will enable or substantially enhance any
robotic Mars precursor exploration program. Table 5.3.2-

II summarizes the major technology needs for these
robotic precursor missions and provides an integrated
assessment of criteria (including risk/challenge) and
current accommodation within the projected FY 1990
OAST research and technology programs. [Fiscal year
1990 (and runout) budget data were used in developing
the assessment of overall R&T program uncertainties
(risks) provided here.]

53.3 Research and Technology Pro_ams

Two OAST programs provide the primary R&T support
for human exploration mission planning. First, the Civil
Space Technology Initiative (CSTI), begun in FY 1988 to
fill existing gaps in the R&T base, includes several ele-

ment programs that are applicable to exploration needs.
Second, following extensive coordination with the Sally
Ride Space Leadership Planning Group activity, OAST
initiated the Pathfinder Program in FY 1989 to develop
needed technologies for future human and robotic solar
system exploration missions.

5.3.3.1 Civil Space Technology Initiative (CSTI)

OAST's CSTI program is a major focused technology
effort directed toward developing capabilities to sup-
port access to, operations in, and science in, Earth orbit.

Within these three thrusts, CSTI is composed of some 10
element programs, of which two have particular targeted
applications within human exploration missions.

Aeroassist FIigh¢ Experiment. The Aeroassist Plight Ex-
periment (AFE), one of the elements of the CSTI trans-

portation thrust, will investigate the critical vehicle

design technologies and upper atmospheric character-
istics applicable to future low-energy aeroassisted space
transfer vehicles. Managed by MSFC, the AFE Program
focuses on a single major flight experiment, including a
carrier vehicle, a blunted, rake-cone aeroshell using
Shuttle-type thermal protection system tile technology
and incorporating a number of experiments such as
radiative heating and wall catalysis measurements, fore-
body aerothermal characterization, and wake flow base
heating measurements.

High Cavaci_- Power. LeRC is developing the technol-
ogy to provide long-duration, high-capacity power by
dramatically improving the thermal-to-electric conver-
sion efficiency. The program primarily addresses de-

velopment of advanced free-piston Stifling engine tech-
nology, but it also includes improved efficiency thermo-

electric converters. Both of these efforts will provide a
technology base that could be used to provide substan-
tial improvements in SP-100 efficiency for lunar outpost
or other exploration mission applications. As funding
permits, the program will also develop advanced waste
heat radiator concepts to improve the specific mass char-
acteristics of currently planned SP-100 radiators.

Other CST! Programs. Three other elements in CSTI are

providing varying degrees of technology support for
future mission applications. These elements indude:
(1) the robotics program, (2) the autonomous systems
program, and (3) the controls-structures interaction pro-
gram. Each of these efforts is contributing materially to
a technology base upon which more focused future
exploration R&T programs will build.

5.3.3.2 Pathfinder Program

The Pathfinder Program will provide technologies for
solar system exploration mission applications, includ-
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TABLE 5.3.2-II.- TECHNOLOGY NEEDS BY RANK FOR ROBOTIC MARS PRECURSORS

Technology

Surface penetrators/probes

Surface transportation technology

Aerocapture (low energy)

Surface power (< 1 MWe)

In situ science systems

Mobile power systems

Autonomous landing

Ranking

Enabling
Enabling

Enabling

Enabling

Enabling

Enabling

Enabling

Autonomous rendezvous and docking

Radiation protection
Dust contamination control

Information management

Ka-band communications technology

Chemical ascent/descent engine

Aerocapture (high energy)
In situ resource utilization

Nuclear thermal rocket propulsion

In-space vehicle processing/servicing

Nuclear surface power

Cryogenic fluid management
High power electric propulsion (MW class)

Nuclear power for NEP

Solar power for SEP (MW class)

Enabling

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
Enhancing

Enhancing

lTiming1,Risk I System

Near High
Near Meal Demonstration

Near Med Demonstration

Near Med

Near Meat Demonstration

Near Med

Near Med Demonstration

Near Low Demonstration

Near Med

Near Med Demonstration

Near Med Demonstration
Near Med Demonstration

Near Low

Mid High Demonstration
Mid Med Demonstration

Far High Demonstration
Far Med Orbital node

Far Med Demonstration

Far Med Orbital node

Far Med Demonstration

Far Med Demonstration

Far Med Demonstration

Demonstrationlistings represent potentialapplicationsof advancedtechnology withina precursormission
thatcould serve as a demonstrationof thatcapability for latexHumans-to-Marsapplications

ing both robotic spacecraft systems and piloted missions
to the Moon and Mars. Pathfinder addresses explora-
tion technology needs within four broad areas: (1) sur-
face exploration, (2) in-space operations, (3) humans in
space, and (4) space transfer.

1. Surface Exploration: The surface exploration pro-
gram area is developing critical technologies to enable
or significantly enhance future piloted and robotic ex-
ploration of planetary surfaces. Research and technol-
ogy have been started in four element programs:
(1) planetary rover; (2) sample acquisition, analysis, and
preservation; (3) autonomous lander; and (4) surface

power.

Plar_ta_ Rover. The planetary rover program is devel-
oping the technology required to enable semi-automated
and piloted exploration of extensive areas of the Moon
and Mars. Particular progress has been achieved in the
area of advancing on-board semiautonomous naviga-
tion, and in sophisticated, legged mobility systems. Pro-
gram objectives include development of both wheeled

and legged mobility systems, with semiautonomous on-
board navigation, and the capability to traverse either
obstacles or surface irregularities between 1 and 2 me-

ters in size.

Sample Acqu_ition, Analysis, and Preservation. This pro-
gram, being implemented by researchers at JPL as well
as at JSC and other NASA Centers, is developing spe-
cialized tools for sample acquisition and advanced
sample analysis sensors, such as acousto-optical tunable
filters. The program will develop the capability to ob-
tain a suite of targeted atmospheric, surface regolith, rock
coring, and subsurface regolith samples, and to preserve
these samples in acceptable pressure and temperature
conditions for return to Earth for more detailed analy-
sis.

A¢tonomous Lander. JSC and JPL are also developing
strategies and trajectory algorithms, guidance, naviga-
tion, and control technologies, and software and sensors
for adaptive hazard avoidance during the final moments
of automated landing on planetary surfaces. The pro-
gram is developing capabilities to support both piloted
and robotic Mars precursor landers. Characteristic tech-

nology performance objectives for landing accuracy
range down from_+10 kilometers from the target site for
an initial landing, to +_50to 100 meters from the target
site for landing near previously landed spacecraft, with
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thecapabilitytodetectandavoidsurfacehazards of >1
meter in size, and a probability of safe landing >96 per-
cenL

Surface Power. LeRC is developing essential technolo-
gies for advanced solar-based power systems, includ-
ing highly efficient, low-mass regenerative fuel cells
(RFCs), and low-mass solar photovoltaic (PV) arrays
designed to operate on a planetary surface. Goals and
objectives include the development of amorphous sili-
con PV cells for use in arrays with a specific power of
approximately 300 waRs/kilogram, regenerative fuel
cells with an energy density of 1,000 watt-hours/kilo-
gram for lunar applications and 500 watbhours/kilo-

gram for Mars applications, and advanced electric power
management systems with specific mass performance
of approximately 55 kilograms/kilowatt. The overall
surface power system technology performance objectives
are for 3 watts/kilogram for lunar applications and 8
watts/kilogram for Mars applications.

Other Pro crams. An additional program, photonics, has
been planned; however, this program has been deferred
to FY 1991. When this program is initiated, it will ad-
dress the development of selected photonics-based sen-
sor and data processing components (such as spatial light
modulators), and subsystems (such as image correlators)
to make supercomputer-class processing applications
feasible within a variety of exploration mission systems,
such as rovers and landers.

2. In-Space Operations: The Pathfinder in-space op-
erations thrust is directed at the development of key tech-
nologies that will enable a wide variety of high-lever-
age operational capabilities for solar system exploration.
Within this area, research and technology are underway
in the elements of: autonomous rendezvous and dock-

ing, in-space assembly and construction, cryogenic fluid
depot, and space nuclear power (the NASA contribu-
tion to the ongoing SP-100 Ground Engineering System
technology project).

Autonomous Rendezvous and Do¢/_r_£. JSC, working with
MSFC and JPL, will develop and test a variety of sen-
sors, including laser ranging and vision, techniques for
sensor fusion and responsive data processing (such as
neural network architectures), and adaptive docking
mechanisms. Goals include system reliability in excess
of 99.99 percent, with a range resolution of < I centime-
ter, over a range from 0 to 1.0 kilometer, and I percent
of the distance over a range of 1.0 to 100 kilometers.

In-S_xlce Assembly and Construction. LaRC is developing
and will demonstrate capabilities for precise manipula-
tion of large, massive space systems and permanent join-
ing of lightweigh h high-strength space structures. Pro-
gram performance objectives include development of

Secti_ 5, PreparatoryProgramDeso-lptlons

low-mass permanent mechanical joints for 22.7, 45.4, and
113.4 t loads, "space crane" technologies to support a
reach of approximately 100 meters, and a load capabil-
ity of 22.7 to 226.8 t.

Cryogenic Fluid Devot. LeRC is developing critical tech-
nologies for cryogenic propellant storage, transfer, and
management, as well as large-scale cryogenic contain-
ment and refrigeration components and systems. Key
technology issues include minimizing long-term cryo-
genic.fluid loss (e.g., through boiloff or transfer losses),
providing critical instrumentation (e.g., to determine
remaining cryogen levels in zero gravity), and creating
integrated analytic design tools to support future mis-
sion cryogenic systems development programs.

Svace Nuclear Power. The SP-100 program is a joint
NASA, Department of Defense (DoD), and Department
of Energy (DOE) program, managed by the DoE, that will
develop both space reactor technology and selected
subsystem technologies, such as thermoelectric conver-
sion and thermal management. The Space Nuclear Power
Program,managed by JPL and the Los Alamos National
Laboratory, will provide the capability to design and
develop space power systems for both in-space and
planetary surface applications. Performance objectives
include power generation in the 10 to 1,000 kWe range,

lifetimes of at least 7 years, and operations in both zero-
gravity and planetary surface applications.

Other Programs. Two additional programs have been
planned, but deferred until FY 1991: resource process-
ing pilot plant and optical communications. The resource

processing pilot plant will develop a diverse assortment
of technologies, including extraction and processes and
materials collection and handling. The optical commu-
nications program will develop a flight experiment
package to demonstrate laser communications from a
deep space platform, such as the Cassini spacecraft
planned for robotic Saturn exploration.

3. Human Performance: The objective of the Human
Performance program area is to conduct research to de-
fine requirements and develop technologies that will
enable or enhance long-duration human space missions.
Technology efforts have started in three critical elements:
(1) extravehicular activity suit, (2) space human factors,
and (3) physical-chemical life support.

Extravehicular Activi_ (EVA) Suit. The Ames Research
Center (ARC) and JSC are developing for future human
planetary and lunar surface operations portable life
support systems, suit concepts, gloves and end-effector
technologies, EVA tools and mobility systems, and suit
information and control interfaces. A suit component
breadboard has been developed at ARC for application
in LEO, which will form the basis for development of
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planetary surface EVA systems. Key system-level EVA
technology objectives include the duration and number
of EVAs to be performed per day, suit internal pressure
and carbon dioxide partial pressure (and disposal), and
mobility requirements.

Since Human Factors. JSC and ARC are also developing
advanced human-automation-robotic systems and eval-

uating crew operations support and capability enhance-
ment systems. Program objectives include development
of advanced workstations, design and breadboard test-

ing of mission-focused human interactive systems, and
assessments of proposed planetary surface habitats.

Physical-Chemical Ufe SumJorf. ARC, JSC, and MSFC are
developing technologies for long-lived, highly reliable
life support systems. Program objectives include air
revitalization, water reclamation, waste treatment, and

air and water quality control technologies. Critical pro-
gram objectives will revolve around the degree of clo-
sure of each major life support cycle (air, water), the
system efficiency, mean time between failures, require-
ments for maintenance and servicing, and the use of in

situ resources to supplement Earth-supplied logistics.

Requirements are also being defined in two other pro-
grams: bioregenerative life support requirements and
human performance requirements. These two Path-
finder programs are being managed at NASA Headquar-
ters by the Office of Space Science and Applications
(OSSA) Life Sciences Division.

B_re_eneratipe Life Support Requircm¢nt_. This program
is defining feasibility and engineering and technology
requirements for bioregenerative life support system
components; the scope of the program ranges from re-
quirements for food supplementation modules through
integrated controlled ecological life support systems
(CELSS) for specific mission applications. In particular,

the program will define requirements (both engineer-
ing and technology) for food supplementation, as well
as mission-specific technology requirements to support
CELSS for future long-duration human exploration
missions.

Human Pe_ormance Requirements. This activity is deter-
mining detailed human requirements from top-level ex-
ploration mission objectives in the areas of extravehicu-
lar activity, space human factors, radiation effects and
countermeasures, and artificial gravity requirements.

Through work at ARC and JSC, the following objectives
are being pursued: (1) defini[ion of a quantitative model
relating g-loading to physiological effects, (2) recommen-
dations for radiation protection countermeasures in
space, (3) habitability and design requirements, and
(4) physiological and environmental requirements for

advanced extravehicular activity systems.

_J__./_2j_. The crew protective systems technol-
ogy program has been deferred; when it begins, it will
address technologies for radiation protection and artifi-
cial gravity systems for long-duration human explora-
tion missions.

4. Space Transfer: The Pathfinder space transfer pro-
gram area will develop advanced space transportation
technologies that will improve the effectiveness of fu-
ture exploration vehicle systems. In the area of technol-
ogy to improve space transfer systems, two Pathfinder
element programs have been initiated: chemical trans-
fer propulsion and high-energy aerobraking.

Chemical Transfer Propulsion. This program, managed by
LeRC, will develop and demonstrate the critical tech-
nologies for an advanced expander cycle liquid oxygen
(LOX), liquid hydrogen chemical transfer engine. De-
velopment methodologies, engine systems, and mission-
focused advanced engine components, including health
monitoring and control harness equipment, will be
demonstrated in one or more breadboard cryogenic
engines, with targeted performance parameters includ-
ing thrusts between 2.3 and 22.7 t, throttling capability
of 20:1, man-rating and space-basing capability, and a
vacuum-rated specific impulse (Isp) of approximately
490 seconds. Component and sub-component research
and testing during the 1970s and early 1980s are the
foundation upon which the Pathfinder chemical trans-
fer propulsion program's advanced engine technology
development is built.

Hi__h-Ener__ Aerobraking. ARC, JSC, LaRC, and JPL are
developing concepts and component technologies for
future space vehicle aeroassist systems. Program objec-
tives include development of Mars-specific aerothermo-

dynamic computation fluid dynamic codes, reusable
thermal protection system materials, and adaptive, on-
board guidance, navigation, and control techniques.
Program goals include the capability for aerobraking at
Mars in a range from 6 to 10 kilometers/second, and at
Earth in a range from 11.5 to 14 kilometers/second, with
entry g-loads <5 g's, and a total aerobrake thermal pro-
tection system mass <15 percent of the total vehicle dry
n'lass.

Other Programs. An element to develop cargo vehicle
propulsion has been planned, but deferred to fiscal year
1991. When initiated, this program will develop and
demonstrate the technologies needed to enable highly
efficient interplanetary electric propulsion capabilities,
such as ion thrusters for the 10 to 100 kWe range, and
magnetoplasmadynamic thrusters in the multi-mega-
watt power range.

v.,.
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5.3.3.3 Summary Assessment

Overall, the Pathfinder Program and selected elements

of the Civil Space Technology Initiative represent an
excellent foundation of focused research and technol-

ogy support for future solar system exploration mission

options. Several high-leverage or enabling Pathfinder

R&T programs have been deferred due to funding limi-

tations. These include (1) the resource processing pilot

plant (which will develop the technologies needed to

enable lunar oxygen production), (2) crew protective

systems technology (which will develop radiation pro-
tection and artificial gravity technologies), and (3) cargo

vehicle propulsion (which will develop and demonstrate

key technologies for either solar electric propulsion
systems or nuclear electric propulsion).

In addition to planned but deferred R&T programs, key

Section 5, Preparatory Program Descriptions

technology areas that are not covered in the FY 1990

focused R&Tprograms include: (1) surface habitats and

construction, (2) planetary surface penetrators, (3) biore-

generative life support technology, and (4) surface ther-

mal management systems. Moreover, several high-lev-

erage technologies are not covered in the current pro-
gram; for example, nuclear thermal rocket (NTR) tech-

nology. Table 53.3-I provides a summary assessment

of technology programs versus exploration mission tech-

nology needs.

5.3.4 Advanced Development Program Options

In general, focused research and technology efforts such
as Pathfinder or selected elements of CSTI that are di-

rected toward meeting exploration mission needs will

develop a continuing suite of technology options for

potential application to exploration mission systems.

TABLE 5.3.3-I.- SUMMARY ASSESSMENT OF SUPPORT TO EXPLORATION MISSION

APPLICATIONS PROVIDED BY PATHFINDER AND SELECTED CSTI ELEMENT PROGRAMS

Technology program

coverage assessment

Surface transportation

In situ science systems

Autonomous landing

Surface power systems

Surface penetrators/probes

Autonomous rendezvous

& docking

Vehicle processing

In-space construction

Cryogenic fluid management

In situ resource vtilization

Information/communications

Surface thermal management

Surface construction

Surface habitat systems

Life support systems

EVA systems

Radiation protection

Artificial gravity

Dust contamination control

Nuclear propulsion

(NTR/NEP)

Nuclear surface power

Cryogenic ascent/descent engine

Aerobraking flow energy)

Aerobraking (high energy)

Advanced chemical engine

Pathfinder

Technology program assessment

Comments

Planetary rover

Sample acquisition,
analysis, and preservation

Autonomous lander

Surface power

Autonomous R&D program

In-space assembly and
construction

Cryogenic fluid depot

CSTI

Robotics, AI

Robotics, AI

High capacity power

RoboUcs, AI

Robotics

Data high rate/capacity

High capacity power

m

m

Program needed

Needs focused program

Pathfinder program deferred

COLDSAT experiment

Pathfinder program deferred

Pathfinder program deferred

Needs focused program

Physical/chemical and

bioregenerative life support

systems

EVA/suit

High performance requirements

High performance requirements

EVA/suit

Robotics

m

m

w

Needs focused program

Program needed

Pathfinder R&T deferred

Pathfinder R&T deferred

More emphasis needed

SP-IO0

SP-100

Chemical transfer propellant

High energy aerobraking

High energy aerobraking

Chemical transfer propellant

Pathfinder

High capacity power

High capacity power

AFE

CSTI

Pathfinder program deferred

Program under study

Comments

Status

Good

Good

Good

Good

Poor

Good

Poor

Poor

Good

Poor

Poor

Poor

Poor

Poor

Good

Good

Poor

Poor

Poor

Moderate

Good

Good

Cax_

Good

Moderate
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Exploration advanced development programs, on the
other hand, will provide focused development of spe-
cific -- and critical -- reference design technologies and /
or subsystems, beginning approximately with the ini-
tiation of Phase B for a specific system. Together, fo-
cused R&T programs managed by OAST and advanced
development programs for specific systems managed by
the appropriate user offices are being planned to pro-
vide the technologies that will be essential to the suc-
cess of any future exploration program. Selected pros-
pects for advanced development and pre-project test-
ing include (1) low-Earth orbit vehicle processing and
fueling, including deployment and/or assembly of space
transfer vehicle aeroshell systems; (2) life-testing of
prototype systems, such as life support, avionics, and
specific engines; and (3) large-scale ground-based simu-
lated environmental testing of prototype lunar outpost
operational equipment.

5.3.4.1 Prototype Development and Life Testing

Exploration missions will be required to provide levels
of system performance that are one or more orders of
magnitude longer in duration, and with higher reliabil-
ity, than current Shuttle systems or historical Apollo
systems. A considerable degree of the required technol-
ogy readiness to provide necessary levels of project
management confidence in systems performance will be

provided by the research and technology program.
However, in many cases, critical specific systems or
subsystems may require prototype development and
testing during pre-project advanced development activi-
ties. In particular, the following systems may require
prototype development and life testing as part of explo-
ration advanced development programs: systems for
physical-chemical and bioregenerative life support, ex-
travehicular activity systems, in-space and surface
power, and advanced engine systems (including life
testing of both cryogenic propulsion systems and elec-
tric propulsion systems).

5.3.4.2 Simulated Environmental Testing

A wide assortment of new and innovative aerospace

systems are being considered for application within
human lunar and Mars missions. Key systems that may

require extended simulated environmental testing in-
clude EVA systems, surface power systems, construc-
tion and mining equipment, and advanced surface habi-
tat systems (such as inflatable or otherwise deployable
large volume modules and erectable regenerative life
support chambers).

5.3.4.3 LEO Operations Demonstrations

Finally, a variety .of STVs are being considered for ex-
ploration mission applications, including both lunar and

Mars transfer vehicles. Many, if not all, of these vehicles
will require a variety of supporting systems in low-Earth
orbit (LEO) on or near Space Station Freedom. These
vehicles and their supporting LEO systems will require
substantial advanced development programs prior to the
initiation of detailed design, development, test, and
evaluation. Specifically, critical capabilities for explora-
tion systems include on-orbit systems check-out and
testing for cryogenic fluid transfer and storage, on-orbit
assembly and/or maintenance and adjustment of struc-
tural elements, and proximity operations (such as auto-
mated rendezvous and docking). Each of these may
require advanced development activities and demonstra-
tions in LEO to verify key performance characteristics

prior to mission application.

5.3.5 Strategic Issues and Concerns

Technology Transficr. There is a continuing need for spe-
cific and vigorous management systems to ensure that
effective technology transfer occurs from OAST technol-
ogy programs into human exploration flight projects.
Potential management systems include: (1) a series of
"technology review boards" coordinated with the phases
of mission design could provide a forum for technology
selection and readiness certification that could substan-

tially improve the effectiveness of advanced technology
transfer (such review boards would be chartered by the

responsible flight project's line management), with sub-
stantial participation by non-advocate technologists; and
(2) a coordinated strategy between the OAST space re-
search and technology programs and mission program
office advanced development investments that is being

formulated to help ensure transfer between these efforts.

T_chnolo_,y Roles. There is a need to address questions of
technology content and roles of projected international
partnerships in solar system exploration missions be-
yond the Moon. In particular, the a priori technology
content of the mission responsibilities of international

partners in future mission options should not automati-
cally relegate the advanced technology in the program
to a single partner. These questions should be consid-
ered by the appropriate managers in strategic and pro-
grammafic planning.

Technology and Cost Estimation. The importance of cost
estimation in the mission design process cannot be
understated. Moreover, there is a direct relationship in

current cost modeling approaches between technical
complexity and "inheritance" that bears directly upon
the questions of technology readiness level goals for a
supporting technology program. An assessment is
needed of potential approaches to coordinate research
and development technology readiness and mission cost
estimation processes within OAST and the appropriate
user program office for the solar system exploration
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technology and mission programs.

Robotic Exvloratian. The NASA Office of Space Science
and Applications (OSSA) Solar System Exploration

Division continues to formulate strategic options and
preliminary implementation program scenarios for fu-
ture U.S. robotic solar system exploration missions.
There is a strong potential role for the OSSA/Solar Sys-
tem Exploration Division robotic exploration program
in technology demonstrations and capability develop-
ment for later human mission applications, as well as an
existing responsibility with OAST for the direct devel-

opment of technology for those missions. Integrated as-
segments will be conducted of the coordinated OAST

and OSSA/Solar System Exploration Division program
roles in research, development, and demonstrations in
support of human exploration. Moreover, the technolo-

gies developed for the human exploration program
(including the robotic Mars precursor program) will
provide a foundation of technology for an exciting ar-
ray of other robotic exF_o4-ation missions, including fu-
ture outer planet missi_?_s. An advanced Jovian system

explorer, for example, could utilize space nuclear power,

interplanetary electric propulsion, autonomous landing
systems, and in situ sampling systems developed
through the human exploration program.

5.3.6 Summary_ and Future Directiona

Most technologies needed to enable or substantially

improve the engineering and/or cost performance of

projected exploration mission options are covered by the
Pathfinder Program and selected elements of the Civil

Space Technology Initiative. However, several specific
technology areas are not currently being covered by the

FY 1990 technology program. For example, these include
surface construction and surface habitats. Areas not

currently being worked also include planned but de-
ferred element programs, such as the resource process-
ing pilot plant program and the crew protective systems

technology program (for radiation protection). These
technology areas and others will be examined in more

depth as part of planning for future exploration R&T.
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SECTION6
Section6,Options,Alternatives,andTrades

6.1.1

Options, Alternatives, and
Trades

In addition to the systems definition studies performed
by the Integration Agents (IAs) in direct response to
specific focused case study requirements, the OEXP
activities also include studies and product development
in three identifiable categories: (1) special assessments,
(2) controlled trade studies, and (3) emerging case stud-
ies.

1. Special Assessments: Special assessments focus on
"high leverage" issues that are independent of specific
case studies. The assessments generally cover a broad
subject area with potential for significant benefit to all

mission options. Four special assessments -- (1) power
systems, (2) propulsion systems, (3) life support systems,
and (4) automation and robotics -- are discussed in

sections 6.1, 6.2, 6.3, and 6.4 respectively.

2. Controlled Trade Studies: Controlled trade studies

are those that affect more than one case study, are case-
study independent, or involve multiple integration ar-
eas. The studies represent parametric analyses across a
broad range of options, and the results are essential to
further mature the case studies or enable a technical

"assault" on the case study constraints. Three trades --
Earth-Moon node location, lunar liquid oxygen lever-
age, and launch/on-orbit operations-- are discussed in
sections 6.5, 6.6, and 6.7 respectively.

3. Emerging Case Studies: Emerging case studies are
candidate focused case studies that are not yet suffi-
ciently mature for release from the MASE analysis proc-
ess. Upon further analysis by MASE and review by
OEXP, an emerging case study may be adopted as a
future focused case study, or it may be dropped from
consideration. Two emerging case studies, the Lunar
Oasis and a Near-Earth Asteroid Expedition, are dis-
cussed in sections 6.8 and 6.9 respectively.

6.1 POWER SYSTEM SPECIAL ASSESSMENT

This section discusses the power system alternatives that

were reviewed for spacecraft and lunar and Mars sur-
face applications, building on the assessments conducted

in FY 1988. Spacecraft power options were assessed for

nuclear electric and solar electric cargo vehicles. A con-

cept was investigated for quick deployment of a nuclear

power plant for use on the lunar surface. Preliminary
requirements were assessed for Mars stationary surface
power systems, and power system alternatives for a wide
range of surface m6bility requirements were reviewed.

6.1.1.1 Spacecraft Nuclear Power for Electric
Propulsion

SP-100 Reactor Scal#bilitg. The only U.S. space nuclear
reactor development program is the SP-100, a joint DoD,
DoE, and NASA program with the goal of providing a
nuclear power system that weighs less than 30 kg/kWe
and has a full power lifetime of 7 years. The first reactor
being developed in the SP-100 program (the ground
engineering system) is a 2.5 MWt reactor with thermo-
electric conversion that produces 100 kWe.

Studies performed by General Electric at the direction
of the Lewis Research Center show ways in which an
SP-100 type reactor can be up-scaled to a thermal power
range of 10 to 50 MWt without increasing the fuel, ma-
terials, and component technologies currently being de-
veloped in the SP-100 ground engineering system pro-
gram. However, additional testing may be required to
qualify sliding reflectors, scaled-up pumps and motor

drives, increased flow rates, LiTH shielding, and ex-
tended-life fuel and materials.

The SP-100 reactor technology appears to be flexible

enough to meet a wide range of mission applications.
In addition to high-power NEP missions, these SP-100
derivative reactors may be used for planetary surface
mining and manufacturing.

NEP Po_¢r $ystcm O_tions Assessment. A chemical pro-
pulsion system augmented by aerobraking is the baseline
propulsion system for the Lunar and Mars Evolution case
studies. A NEP system is currently being considered as
a technology enhancement for both studies. A special
assessment addressing the characteristics of a NEP cargo
vehicle as applied only to the Mars Evolution case study
showed that, sufficiently shielded, NEP-driven vehicles
could be used for piloted interplanetary transfers be-
tween high-Earth orbit and Mars with trip times com-
parable to chemical propulsion system alternatives. In
this application, NEP could reduce the dependence of
transportation systems on in situ propellants.

The power system of a NEP vehicle consists of the reac-
tor heat source, power conversion, heat rejection, and
power conditioning. SeVeral candidate nuclear power
generation concepts, including closed Brayton, free-pis-
ton Stirling_ potassium Rankine, and in-core thermionic
cycles, were compared on the basis of mass, radiator area,
and technical maturity. The dynamic systems would he
integrated with an SP-100-type reactor through a heat
exchanger. Shielding assumptions were the same as
those for the SP-100 scalability study.

The four conversion systems were evaluated at power
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levels of 2, 5, and 10 MWe, lifetimes of 3 and 10 years,
and mission time frames of near term, mid term, and far

term, incorporating technology enhancements with ad-
vancing time. Near-term technology consists of an 1,100
K peak temperature limit and an 8 kg/m 2radiator spe-
cific mass. Mid-term technology corresponds to a 1,300

K peak temperature limit (1,800 K for thermionic) and a
6 kg/m 2 radiator. Far-term technology includes a 1,500
K peak temperature limit (2,200 K for thermionic) and a
5 kg/m 2 radiator. Mid-term technology was assumed

to be appropriate for the reference time frame, 2010 to
2020.

Table 6.1.1-I provides specific mass results for these
systems over the ranges of power level, lifetime, and
mission time frame. The results indicate that mission

time frame could have a significant effect on power
system specific mass. From near-term to mid-term tech-
nology, as much as a 40 percent mass savings can be
attained. The mass savings between mid-term to far-
term technology ranges from 25 percent for Brayton
systems to less than 5 percent for 10-year-life potassium
Rankine systems.

Higher power level and shorter system lifetime have only
a minimal effect on specific mass. The lower specific
mass associated with shorter power system lifetime is

mainly because of a decrease in the amount of reactor
fuel and radiator armoring. Due to an economy of scale,

power system specific mass also decreases with increas-

ing power.

Of the candidate systems for the reference configuration
(5 MWe, 10-year life, and mid-term technology), the in-

core thermionic system was estimated to be the lowest

mass option, followed by potassium Rankine, closed
Brayton, and free-piston Stifling systems. However, the
selection of a system must also take into account radia-
tor area and relative system maturity. Although Bray-

ton conversion has the largest radiator area, it is also the
system that could be most readily developed for this

application. This conclusion is based on the successful
testing of Brayton units during the 1970s, selection of

the Brayton system for solar dynamic power on Space
Station Freedom, and the ease with which it can be scaled

to higher power levels. The other three conversion sys-

_L

TABLE 6.1.1-I.- NUCLEAR POWER SYSTEM SPECIFIC MASS RESULTS

Power,
kWe

2,O0O

2,000

5,000

5,000

10,000

10,000

Life,

years

10

10

10

Time

frame Brayton

26.4
16.2

12.4

System specific mass (k_/kWe)

Stifling Potassium-
Rankine

25.5 17.8

20.9 11.3

18.8 9.5

28.1 18.9

12.6

12.4

17.2

10.2

8.3

18.1
11.6

11.1

18.0 8.9

16.0 6.9

25.0

19.9 10.2

17.5 9.8

near term

mid term

far term

near term

mid term

far term

near term

mid term

far term

near term

mid term

far term

29.3

near term
mid term

far term

18.2 22.9

14.1 20.5

24.1 24.2

14.3 19.6

10.8 17.5

26.8 26.6
16.3 215

12.5 19.1

22.6 22.6

12.8

9.4

near term

mid term

far term

25.2
14.7

10.9

Thermionic

10.1

7.4

12.5

8.8

8.7
6.2

10.9

7.4

7.1

4.7

9.2

5.8
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ternshavemajordevelopmentissuesassociatedwith
their suitabilityfor a NEP application. The Brayton
system was selected as the reference system because the
radiator can be packaged on the 100 m boom within the
established half angle, and it appears to be the most
mature conversion option.

Mission Scenqrios. Mission performance analyses were
conducted to compare the power system options. The
baseline mission scenario is a round-trip cargo delivery
of 400 tfrom LEO (500 km circular) to Phobos orbit (6,000
km) and return of 100 t to GEO (35,800 km). A 2013
launch was assumed.

Several scenarios were investigated and compared with
the baseline case. In addition to the 5 MWe reference

power level, NEP-driven vehicles at 2 and 10 MWe were
considered. Figure 6.1.1-1 shows transit time and mass
to LEO for these options. The 2 MWe vehicle is the lowest

mass option, but it would require a trip time nearly twice
that for the 5 MWe case. The 10 MWe vehicle requires
more mass to LEO (19 percent more than the reference
case) but completes the mission in the shortest transit

time (984 days). The 5 MWe reference vehicle appears
to offer the best compromise.

Section 6, Options, Alternatives, and Trades

6.1.1.2 Solar Electric Propulsion (SEP) Power System
Options Assessment

Because of their advantages over both nuclear and
chemical propulsion systems, SEP-driven vehicles could
be a viable alternative. These advantages include the
avoidance of nuclear reactor safety issues, flight experi-
ence, and reusability. In addition, all the technologies
studied could be ready as early as 2000 to 2005.

Both photovoltaic (PV) and solar dynamic (SD) power
systems were initially considered, but solar dynamic
systems are too massive and were subsequently
dropped. To provide some parity with a similar NEP
conceptual design study, the power system was
baselined to generate 5 MWe at Earth (1 au). The ve-
hicle would be constructed in LEO, requiring the power
system to be oversized such that, by passing through
the Van Allen Belt, the power output would degrade to
the rated 5 MWe level. The vehicle would spiral out
from a 408 km altitude Earth orbit to a Mars transfer

trajectory, rendezvous with Mar_, spiral down to 17,033
km altitude (Mars-synchronous circular orbit), and de-

liver 400 t of payload to the surface. Because of the large
degradation of power output due to radiation damage,

2,500

2.000

1,500

1,000

5OO

2,248

708

1,323

835

Legend

_ Total massto LEO (t)I;_ Total transittime (days)

1,031 984

1.

2 MWe Baseline(5 MWe) 10 MWe

NEP vehicle power level

Figure 6.1.1-1.- Mass to LEO and transit time sensitivity to power level.
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only one trip through the Van Allen Belt would be per-
mitted for multiple trips to Mars. Vehicles returning to
Earth would need to stay in high-Earth orbit, outside
the radiation belts.

Power storage, which is required to thrust while in
Earth's umbra, was not included in the power system.

Storage is extremely massive and is not necessary for
most of the trip to Mars. Without storage, however, the
vehicle loses altitude as it passes through the shadow
region. A trade study will be necessary to optimize the
mass penalty of energy storage versus the propellant
mass required for the extra trip time.

Propulsion system selection rationale followed that of
the NEP study (see section 6.1.1.1). Thruster grouping
changes were assumed to allow for variations in vehicle
configuration between NEP and SEP vehicles.

Other considerations in defining a SEP system for com-
parison to other propulsion alternatives included selec-
tion of solar cells for mass, area, and radiation tolerance,

and overall efficiency of the power generation and proc-

essing systems. Details of the findings of assessments
in these areas can be found in Volume VI of this report.

The preliminary performance analyses performed dur-
ing FY 1989 indicate mass savings over chemical and
chemical/aerobrake systems for SEP vehicles compa-
rable to the results for NEP. Specifically, a SEP vehicle
could deliver 400 t to Phobos in 1,000 days requiring an

initial mass of 650 t in LEO. Increasing this mass by 30 t
would reduce the trip time to 870 days.

6.1.2 _ fal¢,.c...Y_O_w_

5P-1 O0Thermoelectric Lander _r Lunar Su_ac¢ Applications.
During FY 1988, a concept for generating 825 kWe on
the lunar surface using a SP-100 nuclear reactor was
developed. Although it was an attractive concept for
many reasons, assembly and construction of the plant
presented a challenge. One way to obtain the same
benefits (day/night availability, environmental compati-
bility, etc.) with less challenging deployment was sought.
The SP-100 space nuclear reactor is being developed with
packaging as a major consideration, and a concept for
applying its advantages in this respect was developed.
The objective of this study was to estimate the power

system mass and total vehicle mass of an SP-100 nuclear
reactor power system with thermoelectric converters
integrated with a lunar lander.

This power system was designed to be the first signifi-
cant power system (allowing for earlier low-power sys-
tems) at a lunar outpost. The SP-100 power system used
here is a modified version of the current SP-100 baseline

flight system. Th_ required radiator area has been al-

tered to account for higher heat sink temperatures. Using
the same thermoelectric conversion used in the current

development program, the power output is 100 kWe.
The lander vehicle was assumed to be dedicated to the

SP-100 power system.

After landing, radiators are automatically deployed from
their stowed configuration, and power cables from the
SP-100 thermoelectric power conversion system are
manually routed down a landing strut terminating in a
dc bus. A power system shunt load dissipator and an
outpost interface module are manually positioned in a
small excavation (on the order of 1 cu. ft.) in the lunar

surface, which provides an in situ radiation shield. The
main and secondary power buses are then manually
deployed onto the lunar surface from the reactor to the
outpost. A circumferentially shaped 4-pi radiation shield
(i.e., one that shields in all directions except up and

down) is integrated into the lander/reactor system and
is man-rated at a distance of 1 km (i.e., 2.5 rem dose in

14 days) from the lander. Astronauts and scientists
would, therefore, be able to visit the outpost during the

14-day lunar daylight period or for as long as a full lu-
nar diurnal cycle, if the outpost is at least 1 km away.
Longer stays would be possible if lunar regolith is used
for radiation shielding or if the outpost is more than 1

km away. No maintenance is possible or required on
the nuclear power system after system operation is ini-
tiated. The reactor power system and lander would
remain at the original site at the end of the 7-year life-
time. The mass of the power system with shielding
would range from 13 to 15 t.

The SP-100 thermoelectric lander could provide power

sufficient for the early stages of evolutionary growth.
The power that would be made available could shorten
lunar outpost development time and supply immediate

power for the human-tended phase. The lander could
enable the immediate achievement of the first Lunar

Evolution benchmark: the first occupation of a lunar

outpost for a lunar night. The lunar outpost power sys-
tem could be modularized to facilitate growth.

The period from landing the SP-100 system until full
power is available could be quite short. Only a few hours
are required to connect the power buses. A 24-hour start-

up period is needed to thaw frozen coolant lines. A small
portion of the outpost construction time would be re-
quired for the setup of the power system, enabling the
crew to spend most of its surface stay constructing the

outpost.

The SP-100 power system currently under development
is being designed for use as a spacecraft power system;
some changes would be necessary for surface applica-
tions. Significant modifications to the SP-100 reactor

power system would be necessary for use on the Moon
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because of the high daytime temperature and possible
exposure to lunar dust.

Mar_/Phobos/Deimos Power __ustemAssessment. The mar-
tian system presents a unique set of challenges to power
system design. An Earth-like diurnal cycle promises
potential use of solar energy conversion on Mars, but
dust storms and a more distant Sun work against that
potential. The predominance of carbon dioxide in the
martian atmosphere challenges the survivability of
power system components at high temperatures. Dur-
ing FY 1989, the impacts of these characteristics on power
systems design were assessed for sun-tracking PV power
systems using regenerative fuel cells (RFC) for power
storage.

For PV/RFC systems, Mars was found to provide as
many opportunities as problems. Insolation varies with
latitude; therefore, during the northern hemisphere
summer, the Sun does not descend below the horizon at

latitudes greater than 65 degrees north, and a power
storage system might not be necessary during that sea-
son at those latitudes. Likewise, winter in the far south-

ern latitudes offers almost no sunlight, making solar
conversion systems impractical there. Martian dust
suspended in the atmosphere also has mixed impacts;
while it blocks direct radiation, it increases diffuse ra-

diation. Therefore, selection of a sun-tracking versus a
stationary solar array might be dependent on the ex-
pected frequency of dust storms for a given location.

6.1.2.1 Mobile Surface Power

Mobile power systems operate in the same environ-
mental conditions as the stationary systems, but differ-

ent design factors must be considered. For example,

long-range rovers could require integrated or onboard
power systems since they cannot be recharged from an

outpost power supply. Construction or mining vehicles
would probably remain near the site and could be

powered by a dedicated system that would be periodi-
cally recharged by the outpost power system. The ve-
hicle could remain for the required recharge period or

exchange storage systems to increase the vehicle's util-
ity value.

Integrated power systems are capable of long excursions
or even global access for planetary exploration. Small

scientific as well as larger pressurized crew rovers are
candidates, and they may use photovoltaic or nuclear

power. The nuclear options include radioisotope ther-
moelectric generators (RTGs), dynamic isotope power

systems (DIPS), and reactors. The systems can be com-
pared by quantifying various figures of merit for each

technology over a range of power levels and operating
times.

The matrix of power system domains shown in figure
6.1.2-1 is quantified by power level and operating time.
Overlaid on the matrix is a set of rover applications

defined by surface operations scenarios and other ex-
ploration scenarios. The power system technologies are
shown within the ovals depicting each shaded area, and
the rover applications are in the rectangles. The bounda-
ries of the shaded areas are regions where the systems
have equivalent mass estimates. These boundaries
would be slightly adjusted based on planetary location

and the particular power system component technology
selected. Table 6.1.2-I describes the matrix in further

detail and gives the rationale behind the selected tech-

nology areas.

Power system studies were performed (some continu-

ing) for three rover applications: (1) a 30 kWe Mars crew
exploration vehicle, (2) a 0.5 kWe robotic explorer, and
(3) a 16 kWe Mars crew sortie vehicle. These studies are
discussed below.

Nl_clear-PoweredMars Rover. Human exploration of Mars

could expand beyond the areas adjacent to the landing
site with a combination habitat/mobile laboratory with

sufficient power to support the crew, science activities,
and mobility. A typical set of vehicles is shown in fig-
ure 6.1.2-2. The habitation cab houses the auxiliary

power supply for emergency return to the landing site
(return ascent vehicle) in the event of a main power

system malfunction. One other rescue scenario would
be to leave the ascent vehicle in orbit and land it near

the rover. The auxiliary power system consists of pho-
tovoltaic deployable arrays and RFCs. The mass of the
arrays is a strong function of the collection time. The
minimum array area and mass are obtained when re-

charging occurs during maximum allowable daylight
and return travel is limited to nighttime only. The mass
of the RFCs is mainly devoted to life support needs and

is relatively insensitive to mobility power required for
the base case of 6 hours travel per night. The rover mass
is a function of speed, particularly as the mass of the
power cab increases. The total rover mass, including
the reactor power cab with shield, is approximately
26,000 kg at a cruising speed of almost 20 km/hr.

I_¢to_ Rover Power System, Smaller rovers will be used

to perform science and robotic missions. The projected
power levels for these rovers are in the 0.5 kWe to 1 kWe
range. RTG and DIPS power systems were compared at
the 0.5 kWe level. Figure 6.1.2-3 compares power sys-
tem mass for the General Purpose Heat Source and
modified RTG and for two levels each of the closed

Brayton cycle and the free piston Stirling engine. Both
DIPS systems with redundant power conversion units
are comparable on a mass basis with the advanced
modified RTG. Plutonium (a space-qualified isotope) is

and will continue to be in limited supply. High conver-

6-5



OEXP Technical Report, FY 1989, Volume I

100.

10-

A

n

Operating time (hrs)

Figure 6.1.2-1.- Rover power system domain matrix.

sion efficiency of the dynamic systems offers significant
reduction in the amount of isotope required to produce

power as shown in figure 6.1.2-4.

of deployable/retractable arrays would probably require

the rover to be stationary during charging of the energy

storage device.

The dynamic systems scale favorably to the higher power
levels as shown in table 6.1.2-II, which provides data for

a system design for a 16 kWe crew rover with a 100 km

range. The isotope savings are considerable, and the
mass is reduced to about 20 percent of the RTG power

system. Power system volume is also significantly re-
duced. Thus, technology development in dynamic sys-
tems can be used over a wide range of power levels

applicable to a variety of rover applications.

Solar Phofovoltaic Mars Rover. Another option for sup-

plying rover power is PV cells. Even though the dy-

namic systems reduce the strain on our plutonium in-

ventory, many robotic rovers deployed to characterize

planetary surfaces could add up to a major burden on

isotope production. If rovers use body-mounted arrays,

the configuration must account for the array location and

reduce shadowin_ from ancillary equipment. The use

Results indicate that optimum performance of a solar-

powered rover is between +30 degrees latitude. High-

efficiency arrays (> 30 percent) would greatly enhance

the rover power system performance by reducing array

area; this is not as important for stationary systems, where

area is a secondary factor.

PV power could be a viable option for a Mars rover even
with dust storm occultations, since scattered light can

make up a significant proportion of the array output. The

worst case point design considered 20 We/m 2, and ad-

vanced solar cells would yield almost 30 We averaged

over the martian day. During dust storms, the array

output is reduced by only 30 percent. Future efforts will

quantify the mission profile and the effect of different

energy storage devices on the power system configura-

tion as well as vehicle integration issues.

k_
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Section6, Options,Alternatives,andTrades

TABLE 6.1.2-I.- ROVER POWER DOMAIN DESCRIPTION

Power system

Primary storage

PV only

PV and storage

Rechargeable
storage

Isotope/reactor
dynamic

RTG

Reactor

Commen_

One-time use; (bounded by mass)
(time * power * Whr/kg)

Body-mounted array; no night-time
operations (bounded by power);
limited use

Body mounted and/or deployable/
retractable array; night plus peak
power storage bounded by mass
(time * power * Whr/kg) and array area

Multiple use; power level and time
limited by mass of system

Continuous use, unlimited range
(bounded by isotope inventory,
power); some mass constraints

Continuous use; unlimited range
(bounded by isotope inventory,

power)

Continuous use; unlimited range
(bounded by reasonable mass)

Applications

Apollo-typemissions

Robotic exploration
and mining

Robotic exploration

Local pressurized
transport; utility;
construction mining

Robotic rover for

global range

Robotic rover

Heavy mining;
pressurized transport
(manned, global range)

Pressurizedcars

Command and
habitationcar

Experimentationcar

II
Unpressudzedcars

Storage and supplies Reactor car

e m @-
/

PV cells for L

auxiliarypower

Reactor
waste heat

radiator

Figure 6.1.2-2.- High power rover concept.
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TABLE 6.1.2-II.- ISOTOPE POWER SYSTEM
ANALYSIS FOR MANNED MARS ROVER (16KWE)

RTG Brayton

GPHS blocks

Heat in

Radiator area

Volume

Ma_ (k_)

GPHS blocks

Radiation and housing

Structure (15%)

Engines

Power conditioning

Total

1,570

362 kWt

70 m 2

10m 3

2,280

1,700

6OO

16..55

4,745

278

64 kWt

19m 2

1.0 m 3

3O4

107

6O

283

16____5

919

6.1.3 Human Nuclear Radiation Issues

environment. Therefore, reactor-produced radiation is
not expected to be a significant consideration in most
human exploration mission designs.

Table 6.1.3-I summarizes the assessments to date of the

issues involved in planning use of nuclear reactor power
systems for human exploration. All situations assessed
to date are safe, or can be made safe through appropri-
ate reactor system and operation design. These assess-
ments have revealed two important conclusions. First,
nuclear reactor power systems, because they offer greater
mass leverage, and in some cases can reduce exposure
time (through faster transportation), may be viewed as
a solution to human sensitivity to radiation. Mass lev-
erage means that more mass can be added for shielding
against the natural space environment at a lower cost.
Reduced exposure time can mean more flexibility and
utility of human crews in exploration planning. Second,
shielding for the natural space radiation environment
can be synergistic with that for nuclear reactor power
systems. Human exploration systems designers should
recognize and exploit the potential mass savings offered
through dual use of shielding mass.

The issues and ramifications of human proximity to nu-
clear systems in the context of space exploration and its
natural radiation hazards were identified across the en-

tire spectrum of human presence across a complete range
of manmade nuclear sources. Humans can safely func-
tion in all instances of proximity to space nuclear sys-
tems investigated to date, provided that sensible safety
measures are taken. Further, it seems these safety meas-
ures can be achieved reasonably. No conclusions have
been reached about the possibility of direct human serv-
icing of recently operated reactors. Natural radiation
hazards appear more menacing than manmade hazards,

yet both demand the utmost respect. Rather than being
part of the radiation problem, nuclear systems may be
an important part of systems-oriented solutions to over-
all human radiation issues.

Two major considerations in planning human presence
in the vicinity of nuclear power systems are the charac-
teristics of radiation from nuclear reactors and the stan-

dards for human exposure to such radiation. Reactor-
produced radiation characteristics are comparable to
natural space environment radiation; similar types of
radiation (neutron and gamma) are encountered.
However, higher energy radiation and more penetrat-
ing radiation (charged nuclei) are present in the natural
space environment. Standards for human exposure to
radiation are getting tighter; the National Council on
Radiation Protection has proposed new limits (expected
to be adopted by NASA) of 100-400 rem career dose limit
and 50 rem annual and 25 rem monthly limits. Tight
standards for humph exposure will mandate significant
protection measures against the natural space radiation

6.2 PROPULSION SYSTEMS SPECIAL
ASSESSMENT

Studies conducted during FY 1989 by the Propulsion
Systems Special Assessment Agent focused on compar-
ing propulsion systems and quantifying the advantages
of their use for transportation to Mars.

The Advanced Propulsion Comparison Study compared
chemical rockets with nuclear thermal rockets (NTRs),

both with and without aerobrakes, for the Mars Expedi-
tion and Evolution case studies. Both chemical/aero-

brake and NTR systems show a large benefit (in some
cases more than 50 percent) over all-chemical propul-
sion. Chemical/aerobrake and NTR systems are com-
petitive, with NTR showing advantages for the Mars
Expedition case, and chemical/aerobrake showing
advantages for the Mars Evolution case under the con-
ditions considered. Variables such as aerobrake effi-

ciency (mass fraction) and trajectory/mission design

strongly affect the leverage of propulsion systems. NTR/
aerobrake has the highest leverage of systems included
in this study for all missions considered.

The Future Propulsion Technology Study examined
technologies judged to be beyond advanced chemical,
aerobrake, N'I_, NEP, and SEP, but available within the

25- to 30-year time frame of interest for use in Mars cargo
missions. These included solar sails, very high-power
NEP and SEP, solar and laser thermal propulsion, rail
guns, mass drivers, and tethers. Of these, solar sails and
very high power NEP and SEP warrant further study
for broad application to exploration missions.
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TABLE 6.1.3-I.- HUMAN NUCLEAR RADIATION ISSUES
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A third study, the Fuel Systems Architecture Study, was
conducted in coordination with the Office of Space Sta-
tion, the Office of Space Flight, and the Office of Aero-
nautics and Space Technology, to identify fuel systems
architectures to support transportation vehicles for
exploration missions and other requirements. Prelimi-
nary results obtained in FY 1989 are expected to have
broad implications for other options, and will help re-
duce the number of architecture options that need to be
investigated.

6.2.1 Nuclear The/real Rocket/Chemical Aerobrake

Comparison for Mars Transfer Propulsion

The objective of this study was to quantify and compare
the performance capability of the NTR and chemical
propulsion systems, with and without aerobraking, for
a selected set of Mars mission opportunities in the 2000
to 2020 time frame. Studies conducted in FY 1988 and

earlier by Lewis Research Center's (LeRC) Advanced
Space Analysis Office (ASAO), Marshall Space Flight
Center (MSFC), _nd others indicated that aerobraked

chemical and all-propulsive NTR systems each had the

potential to reduce initial mass in low-Earth orbit (IM-
LEO) for split cargo/piloted sprint missions to Mars by
approximately 50 percent or more compared to an all-
propulsive chemical mission. Because of the different

ground rules and assumptions made in the various in-
vestigations, drawing overall conclusions regarding
relative system performance is difficult. To help clarify
the performance issue, a consistent performance com-
parison study was conducted of NTR and chemical
propulsion systems. Since results were to be compared
with other studies being performed for OEXP, study
ground rules were coordinated with other NASA field
centers and contractor organizations supporting OEXP;
these are discussed in detail in Volume VI of this report.

The principal difference between this study and the
MSFC study is the inclusion of the effect of gravity losses.
Also, the MSFC/MMC baseline chemical/aerobrake

system assumed multiple, expendable Shuttle-Z type
trans-Mars injection (TMI) stages, whereas this analysis
assumed a single TMI stage with either single or mul-
tiple engines/propellant modules to achieve near-opti-
mal thrust to initial weight ratios for each of the propul-
sion system options under consideration.
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Two mission scenarios were selected and investigated.
In the first, Mars Evolution, opposition- and conjunc-
tion-class trajectories are used to establish and support
a permanently inhabited outpost. Short-duration, high-
energy trajectories were also studied to reduce the du-
ration of the interplanetary travel time and thus increase
mission time at Mars. In the second, the Mars Expedi-
tion strategy is used: an unmanned cargo vehicle (car-
wing all hardware to be delivered to Mars, and in some
cases, the fuel for the piloted vehicle's Mars-to-Earth
return trip) is launched on a slow, one-way, relatively
low-energy conjunction-class trajectory to Mars. To limit
the lime the crew is exposed to the space environment,
the piloted vehicle uses a higher energy, opposition-class
"sprint" trajectory.

Three NTR performance levels were investigated. The
first, designated "1972 NTR," represents 1972-vintage
NERVA (75,000 lbf thrust) and Phoebus-2A (250,000 lbf

thrust) nuclear rocket performance capability with
graphite matrix/composite reactor fuel elements provid-
ing an engine specific impulse of 900 seconds. The sec-

ond performance level, referred to as "1989 NTR," rep-
resents the performance of similar size engines built with

Section6, Options,Alternatives,andTrades

state-of-the-art materials and propulsion system com-
ponents that would provide an increased engine thrust-
to-weight ratio. The third performance level, referred
to as "advanced NTR," assumes that the 1989 NTR

materials and propulsion systems, along with advanced
carbide fuel elements, will provide even higher thrust-
to-weight ratio and increased specific impulse. A pro-
pulsion system using both the 1972 performance level
engines and aerobraking was also investigated; it is re-
ferred to as NTR/AB. The key propulsion system and
aerobrake assumptions used in this study are summa-
rized in table 6.2.1-I.

The principal figure of merit for comparing the propul-
sion systems is the required IMLEO. This figure of merit

has been used frequently in previous studies, and it
continues to be of interest because of its association with

program costs and mission complexity. To determine
the IMLEO, ASAO's vehicle sizing code was utilized.

6.2.1.1 Mars Evolution Case Study

To provide a representative sampling of the seven flights
developed for the case study, the first (opposition-class

TABLE 6.2.1-I.- PRINCIPAL PROPULSION SYSTEM
AND AEROBRAKE SIZING ASSUMPTIONS

a) Engine systems

Engine Systems: Propellant Isp, seconds Thrust, klbf Engine mass, t Shield mass, t

SSME derivative

RL-10 derivative

1972/1989 NTR

1972/1989 NTR

Advanced NTR

Advanced NTR

Auxiliary Chemical

LOX/LH2

LOX/LH2

LH2

LH2

LH2

LH2

Storable

bipropellant

480

471

9OO

9OO

1,000

1,000

310-316

532

20

75

250

75

250

Low

3.6

0.2

11.3/55

19.0/15.8

55

15.0

Low

N/A

N/A

4.5

9.0

4.5

9.0

N/A

b) Aerobrake mass for various vehicles

[Calculated as a percentage of braked payload mass]

Vehicle

Evolutionary (piloted)

Expeditionary cargo

Expeditionary piloted

Relative L/D ratio
,, r

Low

6-11

Medium

Medium

Aerobrake mass, %

13.2

17.5

20.0
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in 2004), fifth (conjunction-class in 2011), and seventh
(quick mission in 2016) flights were selected for detailed

study.

IMLEO requirements for chemical and NTR propulsion
systems operating both all propulsively (AP) and with
aerobrakes (AB) were determined for the 2004 and 2011
missions; several trades were also performed. The ef-

fect of &V optimization on the IMLEO for the AP con-
figurations was investigated for the 2004 mission. The
aerobrake mass fractions required to provide chemical/

AB IMLEOs comparable to those of all-propulsive NTR
vehicles were determined for both the 2004 and 2011

missions. The mass penalty associated with recovery of
the Earth-departure stage was also addressed. Finally,
the IMLEOs required to support quick (one-way trips
of less than 6 months duration) piloted missions to and
from Mars were determined.

The results for the 2004 and 2011 reference missions
(table 6.2.1-II) show IMLEO for the baseline chemical/

AB system to be 573 to 662 t respectively. The increased
mass for the 2011 mission is attributed primarily to the
additional propellant needed to achieve the 6'000-km
circular Phobos parking orbit. For the all-propulsive
systems, recovery of the core spacecraft results in a major
mass penalty. Compared to the baseline chemical/AB

system, chemical/AP is between 6.6 and 4.8 times more

massive, even with discrete stages for each of the main

propulsive bums. This comparison illustrates quite
dramatically the benefit that may be realized by chemi-
cal systems if a single, common aerobrake can be devel-

oped for use at both Mars and Earth.

The baseline Mars Evolution scenario requires IMLEO
values for the 1972 NTR that are between 2.0 and 1.4

times heavier than the chemical/AB system. For the 1989

NTR system, these numbers decrease to the range be-
tween 1.8 and 1.3. Greater mass savings are realized

with the advanced _ system; the IMLEOs are approxi-

mately 1.4 times heavier than the baseline chemical/AB
system for the 2004 mission and essentially the same for
the 2011 mission. Finally, the NTR/AB system has the

lowest IMLEO of all the systems studied, with masses

ranging from 380 to 443 t.

Because the SRD-specified AV budgets were optimized
for aerobraked systems (with large AV increments for

orbit capture maneuvers), a similar AV budget optimized

for all-propulsive systems was also determined. By
minimizing the total AV for the 2004 mission, substan-
tial mass reductions are possible for the all-propulsive

systems, ranging from 690 t for the chemical/AP sys-
tern, to 145 t for the 1972 NTR, to 82 t for the advanced
NTR.

TABLE 6.2.1-H.- MARS EVOLUTION CASE STUDY -
MISSION AND PROPULSION SYSTEM COMPARISON

r

v_

%..

Case

Chemical/AB

Chemical/AP

1972 NTR

1989 NTR

Advanced NTR

NTR/AB

Stage propulsion

Trans- Mars Trans- Earth
Mars orbit Earth orbit

injection capture injection capture

C1 ABI C2 ABI

C1 C2 C3 C4

N1 N2* N2* N2

N1 N2* N2* N2

NI N2* N2* N2

N1 ABI N2 AB1

IMLEO (t)

2004 2011

573 662

3,800 3,141

1,133 933

1,031 857

787 680

380 443

Percent of
chemical/AB

IMLEO

2004 2011

100% 100%

663% 475%

198% 141%

180% 129%

137% 103%

66% 67%

...............................

"Tanksstaged
Note:. Subscril_tS indicate discrete stages.
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The sensitivity of IMLEO to aerobrake mass was exam-

ined for the 2004 and 2011 flights. By varying the aero-
brake mass fraction, the cross-over points of comparable
IMLEO between the aerobraked and all-propulsive NTR
systems were determined. Results for the 2011 mission
(figure 6.2.1-1) show that aerobrake mass, as a percent-
age of payload, can range from approximately 13 to 26

percent and still maintain advantages over other systems.
These data also show the mass reductions possible in
going from 1972 NTR to advanced NTR performance
levels.

in a mass penalty ranging from 22 to 37 percent, whereas
the range for the NTR systems varies from 24 to 32 per-
cent for the 2004 mission and from 17 to 23 percent for
the 2011 mission (see Volume VI of this report for more
details). A second recovery option examined for the all-
propulsive NTR systems involved using a single Phoe-
bus-class engine with staged tanks to perform the entire
round-_p mission. The corresponding mass penalty
associated with this recovery option is significantly
reduced, and it ranges from 7 to 10 percent for the 2004
mission, and from 9 to 11 percent for the 2011 mission.

The mass penalty associated with recovering the TMIS
in addition to the basic core spacecraft was also studied
for the 2004 and 2011 flights. The basic recovery profile
assumes a retro burn by the TMIS after insertion of the
MTV on its interplanetary trajectory. This retro burn
places the TMIS on a 24-hour elliptical orbit with a final

circularization burn returning the stage to its original
500 km parking orbit about Earth.

For the chemical systems, recovery of the TMIS results

The seventh flight in the evolutionary case study departs
Earth in 2016 and is intended to initiate the operational
phase of the Mars outpost by extending the number of
days available to the crew for Mars surface operations.
For a given mission duration, this is accomplished by
reducing the interplanetary transit times. Figure 6.2.1-2
compares advanced propulsion systems and their
IMLEO requirements as a function of one-way trip time.
Propellant for the Earth return trip is assumed to be
provided at Phobos either via in situ propellant produc-

1,100 ,

1,000 t'_,' , 1972 NTR (AB optimize

900 t

800 t
C_ /" Advanced NTR

=E 700 -_ J (AB optimized AV)

/

600 I Ch
5O0

400 ] NTR/AB

300 10 , i , I ' I , I ' "_i ' I ' i ' .i '5 10 15 20 25 30 35 4u

Aerobrake weight, percent of payload braked

Figure (i.2.1-1.- Crossover IMLEO values for aerobraked and "all propulsive" NTR
systems (2011 conjunction mission- fifth flight).
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Figure 6.2.1-2.- Earth to Mars "quick trip" propulsion comparison for the 2016 flight
(without staged tanks, Phobos orbit, 5 crew).

tion at the gateway or fuel transfer from NTR/NEP cargo
vehicles operating in the "Hohmann tanker mode."

Both the Earth-to-Mars and Mars-to-Earth legs were

analyzed for the same transit times to ensure that the
TMI/Mars orbit capture tankage for the MPV can ac-
commodate the return propellant requirements. One-
way trips as short as 80 days and as long as 6 months
were examined. As indicated, quick missions to Mars
of about 120 days appear to be possible with all-propul-
sive NTR systems for IMLEO values ranging from about
490 t (advanced NTR) to 750 t (1972 NTR). Shorter trip
times are also indicated, but with the steep rise in mass,

propellant loadings are expected to become prohibitive.
By extending the one-way trip times from 4 to 6 months,
the IMLEO for the all-propulsive NTR systems is re-
duced to less than 300 t. The basic vehicle configuration
would consist of a manned mission module, a propel-

lant tank of about 140 t LI-I2capacity, and a single Phoe-
bus-class NTR.

Aerobraked chemical and NTR systems appear to be
capable of very short trip times (80 days for an NTR/AB

system with IMLEO less than 500 t) if it were not for the
large g-loads and entry velocities encountered at Mars.
The specified entry velocity limit of 9.5 km/s restricts
one-way trip times for aerobraked systems to about 140
days, although a combination of propulsive and aero-

dynamic braking may make shorter trip times possible.

6.2.1.2 Mars Expedition Case Study

Trade studies performed with respect to the Mars Expe-
dition case study include (1) quantify the IMLEO require-
ments for chemical and NTR propulsion systems oper-
ating all propulsively and with aerobrakes, (2) determine
the effect of the Mars parking orbit, (3) examine launch

opportunity sensitivity for four split/sprint mission
opportunities in the 2000-2010 time frame, and (4) as-
sess the sensitivities associated with variations in the
mission mode. Since detailed and comprehensive dis-
cussion of the results of these trades is not possible here
(see Volume VI of this annual report), only highlights
are covered.

The 2002 mission was used in the propulsion system
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comparisontrade (seetable6.2.1-III). Thebaseline
chemical/ABsystemhasacombinedtotal mass for both

the piloted and cargo vehicles of 686 t (with g-losses in-

cluded). The all-propulsive (AP) chemical system is 2.5
times more massive, with an IMLEO of 1,782 t. The all-

propulsive 1972 NTR has an IMLEO of 675 t, which is
approximately 98 percent of the baseline chemical/AB

system. The 1989 NTR and advanced NTR systems have
IMLEOs of 87 and 72 percent of the baseline chemical/
AB respectively. The NTR/AB system is the lightest of
all the propulsion Options examined, with an IMLEO

about 40 percent less than the chemical/AB baseline.

The sensitivity of IMLEO to variations in the Mars park-
ing orbit is discussed in detail in Volume VI of the Ex-

ploration Studies Technical Report. Briefly, the results

indicate that orbit selection does not strongly affect the
comparisons between aerobrake and all-propulsive

systems, although it does affect the IMLEO requirements.

To determine the ability of the various propulsion op-
tions to capture other mission opportunities in the 2000

to 2010 time frame without major mass penalties, the
IMLEO requirements for the available opportunities

were calculated and compared. The 2004 and 2007

mission options have substantial Mars orbit capture AV

Section6, Optiom, Alternatives, and Trades

requirements (about 5.6 km/s for 2004 versus about 4.6
km/s for 2002), which lead to substantial mass increases

for the all-propulsive systems, especially the chemical

option. Results show that the 1972 NTR system has a
slightly lower IMLEO than the chemical/AB system for
the 2002 and 2010 opportunities, with this trend revers-

ing for the 2004 and 2007 opportunities. The advanced
NTR has a lower IMLEO than either the chemical/AB

or the 1972/1989 NTR options; the NTR/AB option
shows the lowest IMLEO of all the systems considered.

Due to concern over the ability to transfer propellant in
Mars orbit from the Mars cargo vehicle (MCV) to the

Mars piloted vehicle (MPV), the FY 1989 baseline split
mission assumes that the trans-Earth injection (TEI) stage

is flown on the MPV, leaving a significantly smaller
amount of payload (primarily the Mars descent/ascent
vehicle) to be carried by the MCV. Three mission mode

options-- the FY 1989 baseline split, the traditional split,
and an all-up mission m are compared in figure 6.2.1-3.

The baseline split and all-up mission modes show com-
parable IMLEO values for the advanced concepts, indi-

cating an advantage to the all-up mission mode from
the standpoint of mission simplification (one versus two

vehicles). The traditional split shows the lowest IMLEO
values for the mission modes considered. In terms of

TABLE 6.2.1-III.- MARS EXPEDITION CASE STUDY -
MISSION AND PROPULSION SYSTEM COMPARISON

Case

Chemical/AB

Chemical/AP

1972 NTR

1989 NTR

Advanced NTR

"Clean" NTR/AB

Stage propulsion

Trans- Mars Trans-
Mars orbit Earth

injection capture injectiion

C1 AB C2
C1 AB -

C1 C2" C2
C1 C2 -

N1 N2* N2
NI* N1 -

N1 N2* N2

NI* N1 -

N1 N2* N2
NI* N1

N1 AB N2

IMLEO (t)

Piloted Cargo

Total

IMLEO

686

1,782

675

597

547

- 139

1,494
- 288

499

- 176

439

- 158

356

- 140

3O8

.........................................................................................-...........
*Tanksstaged
Note:Subscripts'indicatediscretestages

496

Percent of
chemical/AB

IMLEO

100%

260%

98%

87%

72%

- 421 61%
- 113

........................................................ i ........................................................................
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Figure 6.2.1-3.- 2002 Mars Expedition case study - IMLEO sensitivity to mission flight mode.

propulsion system performance, the chemical/AB and
1972 NTR systems have comparable IMLEO, with the
advanced NTR and NTR/AB showing continuing reduc-
tions in LEO starting mass. Only results for the 1972
NTR and advanced NTR are presented for the all-pro-
pulsive NTR systems, because they are expected to
bracket performance characteristics for the NTR.

6.2.1.3 Conclusions

Comparing chemical/aerobrake and all-propulsive NTR
systems indicates that both concepts can accomplish the
various types of missions while remaining within the 2-
year, 1,140 t mass limit. The IMLEO results were shown
to strongly depend on mission opportunity, flight mode,
and the assumed value for the aerobrake mass fraction.

Due to the important mission improvement that may be
possible using NTR and aerobraked systems, continued
evaluation of both chemical/aerobrake and all NTR

systems in the FY 1990 studies would be appropriate.
Specifically, consideration should be given to (1) the
characterization of a state-of-the-art NTR propulsion
system point design that could support Mars missions
in the 2000 to 2010 time frame, (2) continued aerobrake

point designs to more firmly establish aerobrake con-

figurations and mass fractions and to identify the im-
pact of aerobrake usage on the overall vehicle design,
and (3) continuation of mission mode studies that take

advantage of the characteristics of each propulsion sys-
tem.

6.2.2 ]Future Propulsion Technology Study

To assess advanced propulsion concept alternatives to
chemical rockets, nuclear electric propulsion, and nu-
clear thermal rockets, a representative sampling of other
advanced propulsion concepts was studied: solar sails,
solar thermal rockets, laser thermal rockets, laser elec-

tric propulsion, mass drivers, railguns, tethers, magnetic
sails, and ultra high power nuclear and solar electric
propulsion.

Most of these concepts operate in a high specific impulse,
relatively low-thrust regime; therefore, an unpiloted
Mars cargo vehicle was chosen as the reference case in
which these concepts might be most useful due to a less
restrictive emphasis on trip time. The reference NEP

cargo vehicle mission from the Mars Evolution case
study was taken as the baseline mission. Results for two
NEP cargo cases, a baseline round trip and a one-way
trip are shown in table 6.2.2-I.

TABLE 6.2.2-I.- NEP CARGO MISSION RESULTS

IMLEO (t)

Earth-Mars trip time (days)

Total trip time (days)

Round trip

835

937

1,323

One way

702

823
k..
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Thesepropulsiontechnologyconceptsareassumedto
be implementedin the same 2014 time frame as the
nuclear electric propulsion and nuclear thermal rocket

technologies. For this assessment, cargo payloads were
set at 400 t, based on the assumption that the Mars out-

post is at that time becoming operational and requiring
significant cargo deliveries. Because of the unique char-
acteristics of some of these concepts, the payload was

divided into smaller units (20 t minimum), thus requir-
ing multiple vehicles to deliver the entire 400 t payload.

In all cases, the reference start orbit is LEO (500 km, 28.5
degrees inclination), and the destination orbit at Mars is

6,000 km (Phobos orbit). Some systems, such as solar

and magnetic sails, cannot start in LEO, and require an
additional form of propulsion to raise the vehicle to a
suitable starting orbit. In other cases, such as laser ther-
mal or laser electric propulsion, a second propulsion
system is required to perform Mars orbital capture. In
all these cases, the mass penalty of the needed auxiliary
propulsion system is included.

Figures of merit for this study are IMLEO and trip time.
For cargo applications, IMLEO is the primary parame-
ter with trip time serving as a secondary discriminator.
Trip time is identified as the Earth to Mars travel time,
although the possibility of vehicle reuse was addressed.

Each propulsion system was assessed in terms of the

common mission requirements described previously.
Particular requirements of a given technology were then
assessed to derive a reasonable mission scenario for each

system, dealing with issues of deployment altitudes,
infrastructure requirements, and mission staging that are
unique to some technologies. Following development
of the scenarios, Mars cargo vehicle concepts were de-
veloped using each of the candidate technologies. Be-
cause most of these propulsion concepts provide low
thrust, the cargo vehicle mission performance (IMLEO,
trip time) was obtained using low thrust trajectory codes.

Each system is summarized below, describing technol-
ogy/performance assumptions, necessary changes in the
reference scenario, and the resulting cargo vehicle per-
formance in terms of IMLEO and trip time. Volume VI
of this report discusses the study results in more detail.

Solar SaiI_. A range of materials and construction tech-

niques was assumed, from a near-term, deployable sys-
tem to advanced sail designs requiring orbital construc-
tion and assembly in LEO. All concepts are restricted to

orbits greater than 2,000 km due to atmospheric drag.
Varying numbers of sails, up to 20, were considered to

carry the payload; the greater the number of sails, the
shorter the trip time and the greater the initial mass. A
comparison of the shortest trip time case for two differ-

ent size Drexler sails, a Staehle sail, and a Garvey sail is

Se_ion 61Options,Alternatives, and Trades

shown in figure 6.2.2-1. In all cases, either chemical or
SEP OTVs were assumed for transport to 2,000-km or-
bits. Earth-Mars trip times range from 471 to 1,623 days,
and initial masses range from 700 to 950 t. This per-
formance is comparable to NEP system performance,
although requJn_ng an additional 100 to 200 days in trip
time, and it represents a significant reduction in IMLEO,
although 20 vehicles are required to achieve these re-
suits.

Solar Thermal. High performance solar thermal propul-
sion, using hydrogen propellant heated by solar energy,
is capable of 1,200 seconds Isp with system thrust/
weight ratio levels higher than most electric propulsion
systems. The thrust/weight ratio was also regulated by
varying the number of vehicles and system solar power
levels. In all cases in which solar thermal vehicles were

allowed to spiral out from LEO to Earth escape, the
missions were found to have a minimum initial mass of

6,000 t IMLEO for Earth - Mars trip times ranging from
400 to 650 days (figure 6.2.2-2). This is almost four times
the mass of a chemical cargo vehicle with aerobrake;

therefore, the use of solar thermal propulsion in this
mode is an unacceptable form of advanced propulsion
for Mars cargo missions. The inferior performance re-
sults from the relatively low Isp, which is not sufficient
to overcome the g-losses inherent in the low-thrust tra-
jectory required. Propellant mass could be reduced to
levels comparable to or less than the reference chemi-
cal/aerobrake mission by using the solar thermal rocket
as an OTV for the Earth escape and by thrusting only
near perigee; this approach has been shown to utilize
propellant more effectively in chemical and nuclear
rockets. Further reduction can be obtained by using a
chemical kick stage just prior to escape and an aerobrake
at Mars. Independent analysis by Martin Marietta has
indicated initial masses on the order of 2/3 the chemical

vehicle mass for solar powers on the order of 20 IV[VV
with a corresponding 15 percent increase in trip time
over the chemical/aerobrake mission. Further study
with comparable ground rules is required to determine
the quantitative benefits of this approach. In addition,
solar thermal propulsion may be used for Earth orbital
transfer and perhaps Earth-Moon transport, where the
required velocity increments are correspondingly lower.

Beamed Power Electrical�Thermal. The use of an external

beamed power source to provide thermal or photovoltaic
power to a cargo vehicle allows the use of relatively light-
weight onboard receivers rather than a complete power
system, with a commensurate improvement in vehicle
thrust/weight. Laser and microwave power were con-
sidered over a range from 1 to 30 MW beam power.
Thermal propulsion Isp's were assumed to be 1,500 sec;
electric propulsion Isp was 5,000 sec. Because of dif-
fraction limits in optics size and beam propagation, the

beamed systems were not capable of operating effec-
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tively beyond GEO. Therefore, the mission scenario used
the beamed propulsion to raise the spacecraft from LEO
to GEO,and chemical propulsion and aerobraking were
used for the rest of the mission. The laser thermal ve-

hicle was assumed to be expendable, and all other
beamed concepts were assumed to be reusable. The laser
electric system has a unique scenario, since it can gener-
ate its own power from solar radiation, and so it can
function as a solar electric propulsion vehicle. Beamed
propulsion provides a slight reduction in hMLEO of 1,000

to 1,500 tat the expense of increased trip time. Trip times
of 300 to 500 days require 10 MW of beam power. Laser
electric propulsion allows a reduction in IMLEO to

approximately 1,000 t, again by increasing trip time to
600 days or more. The laser electric option also requires
10 to 30 MW of beam power. These systems in general
are capable of only modest benefits, even when the la-
ser infrastructure is not accounted for.

Mass Drivers and Railgun_. These are forms of electric
propulsion in which electromagnetic fields are used to

accelerate projectiles or plasmas to high velocities to
produce thrust. In a projectile mode, these devices are
especially suited to in situ propellant utilization, since
the acceleration process and propellant type are de-
coupled. For this study, the propulsion systems are
powered by 1 to 50 MWe of power provided by a solar
array. The systems were sized to achieve 1,200 seconds
Isp. Solid oxygen (stored as a liquid and frozen into a

projectile form prior to launch) was considered as pro-
pellant. Oxygen is a potential lunar resource for propel-
lant production, and because it ultimately sublimes from
solid to gas, there is no lasting projectile hazard.

Because of its low efficiency (less than 50 percent), the
railgun was not competitive with the chemical vehicle.
Mass drivers show some benefit over the chemical ve-

hicle, provided that lunar oxygen is being produced and
transported to LEO for other reasons. These concepts
are comparable to the NEP vehicle; however, they also
require MWe power levels and advanced solar cell tech-
nology. Without oxygen availability, neither concept is
remotely competitive with either the chemical or NEP
vehicles.

Tet"_. By means of momentum transfer, tethers can

transfer momentum to add velocity to one vehicle at the
expense of another. Tether length, strength, density, and
the masses of the two vehicles at either end all influence

the performance of such a system. For this study, teth-
ers were used in Earth orbit to provide some velocity
prior to the chemical trans-Mars injection, and at Deimos
and Phobos to perform orbit capture and transfer to
Phobos without propulsion. Tethers at Deimos and
Phobos allow the spacecraft to go from Mars escape
velocity to Phobos orbit with minimal propulsion re-
quirements. This use of tethers at Phobos and Deimos

Section 6, Options, Alternatives, and Trades

requires a great deal of initial infrastructure to deliver
the tether facilitie_ In addition, the orbital requirements
of the LEO assembly node require 20 cargo vehicles.
These two factors combine to produce an unacceptable
IMLEO for use of tethers for the cargo vehicle.

Magnetic Sails. The magnetic sail, or magsail, is a super-
conducting current loop that creates a magnetic dipole
field that deflects the charged pai'ticles of the solar wind
and obtains thrust. Because of its magnetic nature, the
magsail must be operated in heliocentric space, outside
the influence of Earth's magnetic field. The scenario

assumed for the Mars cargo mission consists of vehicle
and payload transport to Earth escape (1 au solar orbit)
via SEP OTVs, at which point the vehicle and payload
are assembled and deployed. The sail then follows a

minimum energy transfer orbit to Mars. The magsail is
incapable of circularizing at Mars orbit; instead, an aero-
braked delivery of the payload to Phobos orbit is as-
sumed. The sail then returns to a 1 au orbit at Earth.

Both magsail trip time and IMLEO are comparable if not
inferior to chemical/aerobrake cargo vehicle perform-
ance, and this concept does not show significant benefit
for a Mars cargo mission.

Ultra-High Po_er Electric Propul_iq_1. Due to the econo-
mies of scale, using hundreds of MWe of solar or nu-
clear electric power provides the potential benefit of high
thrust and low specific mass propulsion systems. Both
solar and nuclear power systems were considered for
this application. A proposed nuclear system has a spe-
cific mass less than 1 kg/kWe using advanced reactor
and dynamic power conversion concepts. The solar
power system specific mass is 3.6 kg/kWe; there is no
economy of scale in this case, but there is a gain in per-
formance through advanced high efficiency, radiation-
resistant solar cells.

Both systems depart from Earth orbit, travel to Mars/
Phobos orbit, and return. Both concepts provide IMLEO
levels comparable or superior to the reference chemical
system, as shown in figure 6.2.2-3. The quick trip times
of the ultra-high power systems indicate a greater pos-
sible benefit for piloted missions rather than for cargo
missions.

Assessment. Of the concepts studied for a Mars cargo
mission, solar sails and ultra-high power electric pro-
pulsion show the greatest benefit in payload delivery.
The sails accomplished a Mars cargo mission with trip
times and IMLEO characteristics only slightly inferior
to a reference NEP cargo vehicle. The 100 MWe class EP

systems outclassed the reference cargo vehicle in terms
of trip time, with comparable IMLEO; greater benefit
would be seen in using such systems as piloted vehicles.
Of the remaining concepts, most provided little or no
benefit over a chemical/aerobrake system, much less a
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Figu_ 6.2.2-3.- Ultra-high-power electric propulsion performance for the Mars cargo mission.

NEP cargo vehicle. Figure 6.2.2-4 shows representative
values of IMLEO and trip time for each system in com-
parison to both the chemical and baseline NEP cargo
vehicle results, indicating the relative merit of each.

Application of all these systems to another mission could
yield different conclusions because of different mission
trajectory requirements or emphasis on figures of merit
other than IMLEO. Furthermore, the mission being stud-

ied could be tailored for each propulsion system to best
utilize a particular technology. (Some of this tailoring
was necessary in the course of this study.)

6.2.3 Fuel Systems Architecture Assessment

The objective of this multi-year study is to define man-
agement architecture options for launching, storing, and
transferring cryogenic fluids throughout the Earth-
Moon-Mars system in support of the node and transfer
vehicle concept definitions.

Cryogenic propellant management spans all the case
studies; therefore, it is subject of a broad trade study.

The study was performed by defining a trade space
(figure 6.2.3-1) to develop fuel system architecture op-

tions based on case study requirements.

In FY 1989, it became clear that assessing the entire trade

space would be extremely time-consuming and top-level,
given time and manpower constraints. A focused ap-
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proach provided depth on a few representative concepts
that could provide insight for future trade space reduc-
tion or emphasis. It was decided, somewhat arbitrarily,
to concentrate on defining free-flying concepts for LEO
(keeping propellant away from human activities), using
the largest ETO vehicle option (Shuttle-Z) and the pro-
pellant requirements of the Mars Evolution case study,
with additional requirements for unmanned missions
(GEO, planetary, etc.). The techniques for transfer would
involve a zero gravity, thrust settling assisted transfer

to permit a common design for comparison.

6.2.3.1 Lunar Evolution Case Study Focus

The impact of Lunar Evolution case study constraints
and mission drivers was assessed at a top level. The

major drivers on the fuel system architecture are:

a. All space vehicles are reusable. Uquid oxygen/liq-

uid hydrogen propulsion is used for all transfer and
ascent/descent vehicles.

b. ETO vehicles must support propellant exchange/
transfer.

c. No orbital nodes other than Space Station Freedom
are used.

d. Space Station Freedom will not be used to store
main-stage propellants.

e. Lunar liquid oxygen is one-half of that needed for
round-trip of cargo or crew.

%_



Section6, Options,,AJternattws,and Trades

3,000

2,500

2,000

A
.e..*
v

wO 1,500
-J

1,000

500

I

I

m

m

.°,,,o,,,,,o

B

Tether

100 MWeSEP

100 MWe
NEP

Mass driver
(withlunarO.

Rall gun
ith lunarO=)

Laser-augmented SEP

Reference NEP. SEP II JI I]]_]_]'_IT

Solar sails

' [ 1,, I I , I , I , I , I , "1 . 1 • I ,
0 200 400 600 800 1,000 1.200 1,400 1,600 1,800 2,000

Earth to Mars trip time (days)

Figure 6.2.2-4.- Summary of future propulsion performance for Mars cargo mission.

Node

Low-Earth orbit
- No node

- Space Station Freedom
- Free flying

Lunar orbit

Libration point

Mars orbit

Operations mode

Manned (permanent)
Man tended (temporary)
Automated

/

Architecture

(--1,700 options)

ETO transportation

Space Shuttle

Shuttle-C

ALS

HLLV (Shuttle-Z)

I

Configuration

Zero-gravity

Variable-gravity
- Thrusting

Spinning
- Gravity gradient

Tank change-out

Water electrolysis

Missions

Case studies
- Lunar Evolution
- Mars Evolution

- Mars Expedition

Unmanned requirements

l_igure 6.2.3-1.- Defined trade space for fuel systems architecture assessmenL

6-21



OEXP TechnicalRepo_ FY1989,VolumeI

Based on the mission drivers and the defined LTV con-

figurations, three options were assessed: (1) tanker re-
supply for each mission, (2) temporary depot based on
Shuttle-Z third stage, or (3) a permanent free-flying depot
structure. The permanent depot was preferred but vio-
lated the case study ground rules. The temporary depot
provides similar advantages (low boiloff, minimum ETO
launches, and ETO schedule independence) with the
addition of commonality for a Mars mission. However,

a temporary depot requires the development of a heavy-
lift launch vehicle.

Two options for transporting hydrogen fuel to combust
with lunar oxygen were assessed: (1) transporting

spherical tanks as cargo to lunar orbit during the cargo
missions (manifest of cryogenic propellant with the crew

provides limited capability and is an unnecessary crew
hazard), and (2) increasing the hydrogen tank volume
to manifest the propellant cargo with the mission pro-
pellant. The first option requires 14 t of hydrogen on
the cargo mission with tanks ranging from a single 7.3
meter diameter tank to four 4.6 meter diameter tanks.

The second option requires 7 t per mission (cargo and
piloted) within the vehicle's tanks with only a 1-meter
increase in diameter. The preferred method is to increase
transfer vehicle tankage and transfer propellant in lu-
nar orbit.

6.2.3.2 Mars Evolution Case Study Focus

Various trades were performed to determine the most
efficient and least complex concept for propellant man-
agement. Some of the key trades involved assessments
of the structural configuration, storage tank configura-
tions, pressure system for propellant transfer operations,

and debris protection.

The structural configuration options consisted of the 5-
meter truss planned for Freedom, a large box truss that
would be tank configuration specific, and a tetrahedron
structure. The tetrahedron structure offered the lowest

mass due to its inherent characteristics, and it provided

an opportunity to minimize assembly EVA.

The storage tank configuration options consisted of
single, very large cylindrical tanks, common spherical
tanks, and Space Shuttle sized cylindrical tank sets pre-
viously defined by General Dynamics during the Long
Term Cryogenic Storage Facility Study performed for
MSFC. The common spherical tank was chosen because
of its low boiloff, structural configuration compatibility,

lowest complexity on-orbit assembly operations, and
ground handling implications.

Pressure for expulsion of propellant can be obtained by
various methods, such as storage of high pressure he-
lium, but due to the large quantities of propellant that

must be transferred, the method must be efficient and

reliable without introducing unwarranted complica tions
and safety hazards. All options addressed used the
propellant gases to minimize logistic requirements and
high-pressure storage requirements. The options con-
sisted of real-time (produced when needed) gas genera-
tion using heating elements to force gas production, a
stored boiloff system using conditioned stored boiloff,
and a turbo pump using a gas generator to drive the
pump. Based on determination of the energy consump-
tion, systems required, weight, complexity, safety, and
overall efficiency, the real-time pressure generation

system was chosen.

With continued growth in man-made orbital debris,
debris protection is an increasingly important design
consideration for low-Earth orbit spacecraft. A dual

bumper shield was investigated for both the entire space
structure and individual tank and line protection. There
was no major difference between the two methods based
on weight, but the common shield required assembly
EVA or complicated deployment techniques. The indi-
vidual system protection was chosen for this concept.

The concept developed to support the Mars Evolution
case study that could perform zero gravity or thrust
induced gravity (for propellant settling) transfer is
shown, along with its characteristics, in figure 6.2.3-2.
The depot concept consists of four regular tetrahedron
substructures (one oxygen, three hydrogen), which in-

clude the spherical propellant storage tank, high-pres-
sure storage tank, pressure generation system, and a
service substructure. The service substructure contains

a guidance, navigation, and control system, a pho-
tovoltaic array (7 kW), batteries, fuel cells, GN&C, refu-
eling nozzles, and docking provisions consisting of two
attach points at the refueling nozzles and a strongback
to accept a third attach point along its length to permit
different vehicle sizes. The concept uses gaseous hy-

drogen/oxygen attitude control and reboost engines,
which also provide thrust-induced gravity to take ad-
vantage of the cryogenic propellant boiloff and elimi-
nate the need for a separate propulsion propellant (such

as hydrazine) that must be replenished.

Each tetrahedron substructure would be launched with

the storage tank integrated with its associated thermal
insulation (120 layers), debris shield protection, plumb-

ing, and pressurization tankage. The tetrahedron struc-
ture provides the support required for launch based on
STS launch load conditions. The hydrogen storage tanks
are launched full. The oxygen storage tank is launched
empty. Liquid oxygen supply tankers are launched as
an integral element of each assembly launch manifest.
The total depot system, including propellant, is launched

in six Shuttle-Z-equivalent flights. The substructures are
attached with the use of comer guides and a power
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Figure 6.2.3-2.- Preferred configuration for reduced matrix.

winch to reduce the EVA required for assembly. The

structure requires temporary struts for stabilization
during assembly.

rations and methods of providing gravity gradient sta-

bilization (to minimize attitude control propellant ex-

pense) will be investigated in future studies.

The depot has three operational phases: (1) depot re-

supply, (2) STV fueling, and (3) storage. The operational
procedures for each phase were assessed. Depot and

STV fueling resupply operations are very similar, with

the depot providing all services (e.g., pressure for tanker

to transfer propellant to depot). An initial evaluation of

the transfer operation indicated that propellant fluid

motion and large center-of-gravity shifts required active

control throughout the procedure. Thrusting through
the reboost engine to provide this control was also suffi-

cient for propellant settling (104 g's) and provided part

of the reboost energy required. During the storage phase,

a thermodynamic vent system is required to maintain
tank pressure without expelling liquid. A zero- or low-

gravity liquid acquisition device is required for the vent

system to provide given initial conditions to the system

and avoid complex control systems. Settling of the

propellant by tlu;usting to develop a defined liquid/gas
interface for pressure control by gas expulsion consumes

enormous amounts of propellant, making this method

impractical.

Definition of the subsystems and the operational proce-
dures for the resupply of the depot and an STV allowed

the determination of the propellant utilization for these

operations. Volume VI provides a summary of the pro-

pellant losses during the various operational phases of

the depot for the first series after assembly. The largest
loss is due to operational losses associated with attitude

control and reboost-of the facility. Alternative configu-

Cryogenic fluid management encompasses a large

number of new technologies that are essential for suc-

cessful depot operations. These technologies can be _;_

divided into four major areas: (1) storage, (2) supply,

(3) transfer, and (4) fluid handling. ,_ r _:.

Long-term storage of cryogenic fuels is essential for

minimizing propellant losses between missions. Confi-

dent system design criteria must be established for the

development of future cryogenic storage thermal sys-
tems to provide low-conductivity structural supports,

high-efficiency multi-layer thermal insulation protection,

minimum system weight, understanding of system in-

tegration (thermal/structural), high reliability, and re-
peatable fabrication techniques. Methods must be de-

veloped to control storage system operating conditions,

minimize temperature stratification of the fluid, and

avoid unpredictable pressure surges. The effects of the

launch environment (vibration, acceleration, pressure

differential), the space environment (debris, microme-

teorites, atomic oxygen), the degradation due to pre-

launch purge systems, and ground handling of the
thermodynamic protection system must be understood.

The capability to handle large quantities of cryogenic

fuels safely in a low-gravity environment without caus-

ing major dynamic control problems to the overall sys-

tem is essential. Predicting fluid motion is critical to the

development of an attitude control system for a depot.

To do this, gravitational environment effects, flow in-
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duced sloshing, the need for and impact of baffling, and
the impact of center of gravity shifts resulting from liq-
uid transfer operations must all be understood.

Supplying cryogenic fuels safely and efficiently in a zero-
or low-gravity environment is one of the most difficult
but essential capabilities for performing transfer opera-
tions in space. Methods must be developed to provide
required pressure differentials and liquid subcooling
with minimum power and propellant losses. An under-
standing must be established of the pressurant tempera-
ture effects: pump/compressor system complexity, re-
liability, and efficiency (minimizing heat addition to
transferred fuid); pump cavitation criteria; and acqui-
sition/pump interactions. The fluid acquisition method
must be efficient, create minimal thermal disturbances,
meet outflow demands, and minimize residual propel-
lants.

The capability to transfer cryogenic fuels safely and effi-
ciently in a low-gravity environment to supply fuel
depots and fill vehicle fuel tanks will also be essential.
The technology will enable single phase liquid transfer
with minimal propellant losses during transfer line and
tank chilldown, determine the proper liquid injection
technique and sequence into the receiver tank, under-
stand the effects of low gravity or acceleration environ-
ment on transfer operations, prevent inadvertent vent-
ing of propellant during the fill process, provide accu-
rate mass flow measurements, and most important,

provide predictable tank filling capability. The proper
liquid injection technique and sequence into the receiver
tank must be determined, and the effects of low-gravity
or acceleration environment on transfer operations must
be understood.

Upon completion of the evaluation of this preliminary
depot concept for LEO, some observations can be made:

a. Boiloff losses for storage of propellants are not the

only source of concern. The propellant losses due
to operations for stability and reboost consume a
considerable amount, as well as the transfer losses

for the depot itself.

b. Boiloff attitude control, pressurant, and depot re-
boosting can provide a useful and essential capabil-

ity. All the propellant can be used without a need
for unused boiloff losses. Reliquefaction of boiloff

is unnecessary and only complicates the overall sys-
tem.

c. Power requirements can be much higher during the
transfer operations, especially if the transfer opera-

tion must be accomplished quickly. _ ........

d. Thrusting may be required during transfer opera-
tions to mainta/n control of the vehicle/depot con-

figuration. Thrusting during transfer can be ade-
quate for propellant settling at the sump, but a low-
gravity liquid acquisition device will still be required
for storage operations.

6.2.3.3 Mars Expedition Case Study Focus

The impact of Mars Expedition case study constraints
and mission drivers were assessed at a top level. The

major drivers on the fuel system architecture are:

a. All space vehicles are expendable.

b. The ETO transportation must support propellant

exchange/transfer.

c. No orbital nodes are required.

d. Design for 1995 technology.

An assessment of the mission drivers and STV configu-
rations based on the Shuttle-Z showed that the trans-

Mars injection stage, also the Shuttle-Z's third stage,
should be launched with a refueling tanker. The refuel-
ing tanker would resupply the injection stage during
third stage ascent to take advantage of the acceleration-
induced gravity and to minimize tanker storage time.
This minimizes ETO launches and transfer losses, but at

the cost of increased dry mass and boiloff (which could
be used as described previously). ...........

The propellant tanks for the return to Earth and Mars
operations must be fueled on-orbit to meet manifest and
design constraints. Propellant transfer capability
(pumps, pressurization, liquid acquisition in zero grav-
ity, and refueling couplings) was added to a TMIS to
perform this operation and to replace the propellant that
boils off in the TMI stages after launch.

According to the current Pathfinder schedule, the tech-
nologies required for TMIS propellant storage, transfer,
and management will not be available by 1995. The flight
experiment program must be accelerated; otherwise,
alternative methods must be used, or higher risk must
be incurred.

6.2.3.4 Summary

Past efforts have provided insight into various aspects
for defining the fuel system architecture that may be
required for future human exploration missions. In

particular.

a. Propellant losses are not limited to boiloff and must
be factored into future designs to minimize all losses.

b. _rational losses (attitude control and reboost) can
have a significant impact on propellant losses for
on-orbit storage of large quantities of propellant.

_=

v,_
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c. Boilofflossescanandshouldbeusedtothedepot's
advantage,eliminatingtheneedfor reliquefaction
systems.

d. Required transfer times can have a significant effect
on surge power requirements.

e. Expansion of the transfer vehicle's tankage of pro-
pellant may be the most efficient method for pro-
pellant logistics to the Moon.

f. Fluid management technology will be required for
the depot and transportation vehicles.

g. Low-gravity propellant settling may be the most
attractive method for propellant transfer.

6.3 LIFE SUPPORT SYSTEMS SPECIAL
ASSESSMENT

6.3.1 Life Support Architecture Study

This section reports on the examination of the impact of
life support approaches to the OEXP case studies and
identifies some of the initial results that have been ob-

tained. The 2-year study is currently focused on devel-

oping comparative data for the application of several
life support system approaches to a set of mission driv-
ers. Those drivers reflect the number of crew, mission
durations, and resource availability for space facilities

that range from lunar transfer vehicles to long-term
outposts on the surface of Mars. The comparative data
for 2 to 30 crew and mission durations from 4 days to 12
years will be tabulated and discussed in a mission

planner's life support system (LSS) guidebook. In addi-
tion to the mission impact parameters for the tables, the
development of the guidebook will produce technology
assessments and systems compatibility analyses, which
will provide a guide to prioritizing future LSS develop-
ment. The objectives of the study are:

a. Identify LSS evolutionary paths.

b. Minimize life support system logistics.

c. Integrate use of in situ resources.

d. Determine physical-chemical/biological crossover.

The tabulated parameters and technology assessment
discussions of the guidebook focus on providing infor-
mation to help satisfy these objectives.

6.3.1.1 Guidebook Description

Volume VI of the Exploration Studies Technical Report

includes a preliminary version of the mission planner's

LSS guidebook as an initial output of the comparative
results from the study. The guidebook examines the

impact of using each of four different life support sys-
tem approaches with varying degrees of closure for lunar

Section6, Options,Alternatives,and Trades

outpost missions. The four approaches are (1) an open
loop approach with a regenerable CO 2 removal process,
(2) a closed loop physical-chemical system such as that
planned for Space Station Freedom, (3) an advancement
on the Space Station Freedom approach to reduce the
expendables required for the system, and (4) a biologi-
cal system for nearly complete resource recycling and
life support.

The mission drivers for the guidebook were defined to
represent lunar outpost life support missions. The mis-
sion is characterized as follows:

a. An installation is designed for long-term occupancy
by a human crew on the surface of the Moon.

b. Duration of the stay at a lunar outpost by the hu-
man crew is 1 Earth year or longer (surface installa-
tions for shorter periods of time will be addressed
in next year's studies).

c. Number of crew ranges from 4 to 30.

d. The outpost will be visited once every 6 months, after
the first visit in about 7 months, by a transport ve-
hicle from Earth; this vehicle will have resupply
capabilities for life support system consumables and
expendables.

The outpost may benefit from by-products of in situ
extraction of propellants from the lunar soil. These
by-products would be oxygen and/or water.

e,

The lunar outpost was selected for this initial compari-
son for the following reasons:

a. Life support for a lunar outpost is likely to operate
over longer durations and support larger crews than
other missions, therefore requiring more reliable and
advanced technologies.

b. Lunar outpost life support is a good candidate for
system evolution to reduce system-related resupply.
This means that system upgrades to more advanced
technologies are more feasible than with other po-
tential missions.

c. In situ manufacturing plants (for propellant) are
being conceptualized for the Moon, and life support
resources from these in situ plants are considered

likely motivators for system upgrades.

A lunar outpost has the potential of evolving to a
hybrid biological/physical-chemical life support
system. Because of that, lunar outposts represent
good candidates for the use of advanced LSS tech-
nologies in that area.

d.

The main feature of the guidebook is the set of tables,
which list the values for mission impact parameters such
as mass, power, and volume for each of the different

LSS approaches. Each table addresses a specific set of
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LSS mission drivers that are related to a particular char-
acterization of a lunar outpost mission. The mission
impact parameters presented in each guidebook table
show the effect that LSS approach selection would have
on the design of a particular mission. Figure 6.3.1-1
shows the initial mass versus resupplied mass constitu-
ents for LSS of a crew of eight for 2 years using three
different approaches.

The lunar outpost missions for the guidebook are char-
acterized by crew size that ranges from 4 to 30. The
intermediate number is eight. The crew of four scenario
would be for outposts that are considered transitional.
These smaller outposts would probably use a single

habitation module (perhaps a variation on the Space
Station Freedom design). The layout for a crew of four
would be one habitation module connecting a scientific

laboratory module and a unit for surface operations. The
total enclosed volume of the four-person outpost is esti-
mated to be about 700 m 3. The case involving a crew of

eight would entail an early operational outpost estab-
lished for the construction phase. The crew of 30 would
occupy an outpost that is operational and evolving
toward a self-sustaining colony on the Moon and would
encompass about 3,400 mL

For the transitional and early operational outposts, the
mission duration was considered to be 1 to 2 years. For
shorter durations, the mission would be close to the early

outpost category, and for longer durations it would tend

toward operational status.

For the early operational outposts, the duration may be
as short as 1 year, but more than likely 2 to 12 years
would be considered. As the outpost evolves, the dura-

tion may go from 2 years to 12 years or longer.

Because the Moon is relatively close to Earth, every lunar

mission will be serviced by resupply flights. For the
development of the guidebook, it was assumed that for
a 1-year mission duration, there would be one resupply,
and a 12-year mission would be resupplied 23 times,
Each resupply flight is assumed to have the capability
to deliver the needed life support consumables, which
will consist of food, nitrogen, oxygen, water, and the re-

quired LSS expendables, including spare parts. Figure
6.3.1-2 gives an example of the make-up LSS resources
in a resupply delivery based on LSS Approach #2.

Two categories of in situ production were considered.
The first category was for a transitory situation and
would produce all the necessary oxygen for the life
support after the in situ plant became operational, but it
would not produce water. The second was the opera-
tional in situ production case, and it would manufac-
ture all the oxygen and water needed for life support.

The other topic addressed briefly in the preliminary
guidebook is an initial assessment of the technology
issues related to the development of the LSS. Those

11%

LSS Approach#1 LSS Approach#2 LSS Approach #4
(72.9 t) (19.2 t) (23.5 t)

Notes:

1. Data based upon4 crewmembers; 730-day mission
2. Initial mass includes LSS hardware and 190-day supplyof consumables,expendables, and spares

3. Resupplied mass includes 540-day supplyof consumables, expendables, and spares

Figure 6.3.1-1.- Life support approach - initial versus resupply mass.
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Notes."

1. Data based upon 8 crewmembers; 180-day resupply interval

2. Nitrogen consumables include:
127-kg module leakage

303-kg two single module repressurizations

3. All oxygen and water are assumed to be recovered or regenerated

Figure 6.3.1-2.- Life support approach #2 - resupply mass break-
down.

technology issues are summarized as follows:

Water System

a. Simplify the Space Station Freedom water |oops. a.

b. Eliminate urine pre-treatment chemicals.

c. Regenerate or eliminate post-treatment filtration and
sorbent beds.

d. Develop reliable hardware with longer mean time

before failure and shorter mean time to repair capa-
bilities, b.

e. Improve process water quality monitoring

f. Develop automatic specific chemical compound c.

identification for impurities.

System

Develop technology for generating make-up N 2.

Reduce power consumption for vehicle/outpost
temperature and humidity control, d.

Improve CO z by-products technology.

.Air

a.

b.

C.
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d. Improve trace contaminant control and

monitoring.

Waste System

Develop technology for converting LSS

and crew waste into water, useful hydro-
carbons, etc.

Food System

a. Reduce thermal storage requirements

(refrigerator/freezer).

b. Integrate food production into the LSS.

These evolving technology topics will be

examined during the continuation of the

study. So far, the study indicates that

technology advancement emphasis is

moving away from reducing weight to

technologies providing additional reliabil-

ity through reduced complexity.

6.3.1.2 Conclusions

For the four approaches considered in the

study (1) an open loop approach with a

regenerable CO 2 removal process, (2) a
closed loop physical-chemical system

such as that planned for Space Station
Freedom, (3) an advancement on the

Space Station Freedom approach to re-

duce the expendables required for the

system, and (4) a biological system for nearly complete

resource recycling and life support, the following con-
•clusions can be drawn:

•Approach #1 has very large resupply r_:}uirements

unless in situ water is available (Figure'6.3.1-3 Om-

pares total mass requirements for open loop against

closed loop systems). This comparison indicates that

a closed loop (regenerative) system would be more

suitable for long duration space missions like a lu-

nar/Mars outpost or transit to Mars.

Approaches #2 and #3 do not benefit greatly from

in situ production, unless system flexibility for life

support system expansion is considered.

The mass penalty for the biological system (AP-
proach #4) occurs early but does not increase ap-

preciably over time. This indicates that biological

systems are more suitable for long duration missions

where there is greater payoff on the initial mass
investment.

In situ oxygen does not significantly benefit any of
the life support approaches studied, but in situ water

provides a great benefit with Approach #1 and a sig-
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nificantbenefitinsupportofoutpostexpansionwith

Approach #4.

e. Approach #4 hasasignificanttechnologyimpactas

wellas a weight,power, and volume penalty,be-

cause itdepends heavilyon versatileroboticsfor

planting,cultivating,and harvestingcrops.This
roboticimpact tradesagainstthe use of a large

amount ofcrew timefortendingthebiologicalpart

of the lifesupportsystem. Because Approach #4
tendsto be labor-intensive,itismore suitablefor

missionswhere thenumber ofcrew islarge.

f. Availabilityofinsituresourcesallowsforopen-loop

expansion of the outpostto accommodate larger
crews ifwastedisposalisnot aproblem.

6.3.2 A.0_y_s_d Mission EVA System Requirements
sm0_x

6.3.2.1 Solar Flare Shelter Trade Study

Solar flares are little-understood energetic events on the
solar surface that can threaten lunar missions by pro-

viding up to 1,.500 rem radiation doses. Forty minutes
of warning are provided by prompt X-rays propagating

at lightspeed in front of the slower protons making up
the flare's radiation threat. A massive flare may occur

once every 10 to 20 years with smaller life- or health-
threatening flares occurring one or more times a year.
Dosages of 118 rem are fatal to 10 percent of the Popula-
tion; 345 rein are fatal to 50 percent of human recipients.
Shielding against the possibility of such events is thus
mandatory since, for any sustained lunar surface activi-
ties, the chances of crew fatalities due to a solar flare rise

to unacceptable levels without shielding.

Based on standard dosage limits, a shield of either 9 cm
thick aluminum or 16 cm thick lunar regolith would

protect astronauts on the Moon from all but the most
energetic of solar flares. To handle the most energetic of
flares, the shield thickness must rise dramatically be-
cause of secondary radiation effects. That is, a high-
energy primary particle striking a thinner shield pro-
duces a shower of lower energy secondary particles,
magnifying the damage produced. A shield composed
of lunar regolith can be provided over the lunar habitat,
and in case of a flare, the EVA crewmembers would have

a minimum of 40 minutes to retire to safety. If the crew-
members are working at a site much more than 40 min-
utes of travel time away, however, they would not be

1,000

4"

v 100

E

09

..J
10

Legend

Open loop life support- Approach #1 _#1

Closed loop life support- Approach #2 D

Reduced expendables - Approach #3

Food only

Note: Mass includes 60-day supply
of emergency food and water.

_%-%-%-

_%s%1%#

%/%/%/

f///

|

8 person-yoars
mL_ion duration

%,,,

Figure 6.3.1-3.- Lunar outpost life support comparison.
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able to count on the protection of the habitat. With cur-
rent lunar rover technology, it seems reasonable to as-
surae an upper limit of 10 km/hr on velocity. This means
that any EVA crewmember working at a site more than
about 10 km from the main habitat must be provided
with some form of contingency solar flare shelter. Oth-
erwise, the risk of death or injury from a flare is unac-
ceptably great for routine lunar operations.

Three methods of providing the contingency shelter have
been proposed. First, an expedient shelter based on a
contingency nuclear fallout shelter could be constructed.
In this scenario, explosives would be used to excavate a

trench in the lunar surface 2 meters deep and 3 to 5
meters long. The rover would then be driven over the

trench, and its equipment and structure, together with
regolith piled over the rover, would provide a radiation-
proof cover for the trench. The EVA crew would lie in
the trench for the 8 hours to 4 days required for the flare

to subside, drawing consumables from the rover through
umbilicals. Unfortunately, a reasonably optimistic esti-
mate of the time required to construct the shelter, tak-

ing into account site finding, explosive emplacement,
trench preparation, and regolith moving, indicates that
such construction would require on the order of 2 hours,

which is far too long. Approximately 650 kg of equip-
ment must be added to the rover to perform this opera-
tion. With the difficulties and uncertainties related to

construction time, this approach does not seem feasible.

The second method of providing contingency flare shel-
tering would be to prepare in advance a network of
distributed shelters so that any remote worksite would
be within 10 km of at least one such shelter. These shel-

ters would resemble the expedient shelter but would
have roofs made by piling regolith over a kevlar "tar-
paulin" pegged over the trench. The logistics and man-

hours required to construct such a system would be pro-
hibitive, even if it were constructed one additional shel-

ter at a time as the outpost was expanded. Realistic
problems with the construction technique could exacer-
bate the problem.

The third method of providing contingency flare pro-
tection would be to armor the rover vehicle so that in
case of a flare, the crew could retire to its interior and

drive safely back to the habitat. The armor could be
provided by filling a double-walled crew cab with lu-
nar regolith. Although such a shield and the rover sus-
pension to carry it would increase the rover mass to
10,000 kg, only 20 horsepower would be required to drive
a tracked vehicle this size up a 15-degree grade on the
lunar surface. Two horsepower would be required for
level cruising.

Section 6, Options, Alternatives, and Trades

sheltering has the fewest uncertainties and, in the ab-

sence of further data, is the current proposed choice.

63.2.2 Advanced EVA Dust Handling Study

The lunar surface is covered with a fine dust-like soil to

a depth of approximately 10 meters. Median soil par-
ticle size is 70 microns with 10 to 20 percent of the soil at
20 microns or less. The soil adheres to all surfaces of

any exposed article. Due to the irregular shape and small
size of the soil particles, they are extremely abrasive,
scratching surfaces when attempts are made to remove
them, and sand-blasting surfaces exposed to a ballistic
stream of dust.

Lunar dust will present a hazard to EVA specifically by
causing abrasion of exterior surfaces of extravehicular
mobility units (EMUs), rovers, tools, and equipment,
accelerating wear of bearings and seals, and scratching
and fogging visors, lenses, mirrors, and sensor windows.
Dust entrained during EVA and carried into the habitat
will present similar problems to habitat equipment,
including life-support systems. In order to effectively
handle lunar dust contamination, an approach consist-
ing of six elements must be used.

The first element, dust plume minimization, can be ac-
complished by designing equipment that operates in
such a way as to prevent the formation of dust plumes
and/or by adding dust shields to contain and confine
any plumes that are produced. Dust shielding could be
a small shield around a surface drill bit, or it might cover
an entire worksite.

The second element is to design tools and equipment to
be highly tolerant of lunar dust. They should first resist
contamination and the accumulation of dust in sensi-

tive areas via seal and seam design. Tools and equip-
ment should also be easy to clean, and the proper equip-
ment to clean them must be developed. Finally, abra-
sion-resistant materials should be used to minimize the

effects of any dust that is picked up.

The third element is rover dust handling. Generally, it
must be designed in accordance with the second element,

described above, but it must also be specially designed
to minimize dust plumes thrown up during transits of
the lunar surface.

The fourth element is EMU dust handling, which is
similar to the second element, specifically applied to the
EMU. It also includes the important step of cleaning off
the exterior of the EMU before airlock ingress to help
minimize habitat interior contamination.

Although no method yet proposed is entirely satisfac-
tory, the armored rover vehicle approach to solar flare

The fifth element is interior airlock atmosphere clean-
ing, which is performed to prevent contamination of the
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habitatinteriorandisaccomplishedbycyclingthe air-

lock atmosphere through filters and dust separators after
repressurization but before hatch opening.

The final element is interior habitat and interior dust

handling, which includes equipment design to resist
contamination. Especially important is interior design
to allow cleaning away accumulated dust.

6.3.2.3 Advanced EVA Suit versus Habitation Pressure

Study

One goal for the lunar outpost is to maximize EVA pro-
ductivity without compromising crew safety or health.
EVA productivity is maximized by lowering EMU suit
pressure as much as possible, down to a practical limit
of about 3.8 psia. This adjustment also has the effect of
reducing abrasions and other injuries to the crew caused
by working against the pressurization-induced stiffness
of the suit and suit gloves.

Unfortunately, going directly from a 14.7 psia habitat to

a 3.8 psia EMU suit would cause the crew to experience
decompression sickness including joint pains commonly
called "the bends" and other, possibly fatal, dysbarisms.
The cause of these difficulties is nitrogen absorbed into

the body tissues at 14.7 psia, which evolves at lower
pressures and forms bubbles in various parts of the body
such as joints in the case of the bends and in blood ves-
sels supplying the brain in the case of central nervous
system dysbarisms. In the past, this problem has been
avoided either by having a low habitat atmosphere (5
psia in Apollo/Skylab) or by pre-breathing a reduced
cabin atmosphere for a time before each EVA in order to
safely flush nitrogen out of the body (12 hour pre-breathe
at 10.2 psia in the Shuttle program).

For productivity, it is highly desirable to eliminate any
sort of pre-breathe. Although going directly from a 14.7
habitat to a 3.8 psia suit is not possible, other combina-
tions of suit and habitat pressure can be used to enable a

direct depressurization. A measure of the safety -- and
the limits -- of any depressurization can be obtained by
calculating the "R" value associated with it. R is de-
fined as the partial pressure of nitrogen in the atmos-

phere (and the body tissues) before decompression,
divided by the total atmospheric pressure after decom-
pression. For each R value, an associated risk of bends
can be determined and used as an approximation of total

risk of all types of serious dysbarisms. For an R of 1.4,
the incidence of bends is 5.75 percent per person per 8-
hour EVA. For an R of 1.2, the incidence is 1.2 percent,

and for an R of 1.0, the incidence is 0.08 percent.

With a habitat pressure of 14.7 psia, partial pressure of

oxygen of 3.1 psia (normoxic condition), and an R value
of 1.4, suit pressure would be 8.3 psia. This point is the

upper limit of suit pressure for current technology. The
5.75 percent bends incidence for this case is too high for
the large amounts of EVA envisioned with the lunar
habitat. It would mean that a crew on a 6-month tour of

duty could experience approximately 16 cases of the
bends during that tour, some of them severe enough to

require use of a hyperbaric chamber. The same diffi-
culty exists with an R of 1.2, but it is reduced in magni-
tude to the point where the crew could expect only three
cases of bends during their tour.

An R of 1.0 is preferred, since this level means that the
crew can expect to complete their tour without experi-
encing the bends; however, the habitat pressure must
be reduced. With a normoxic atmosphere, the highest
cabin pressure compatible with an 8.3 psia suit and an R
of 1.0 is 11.4 psia; however, it is highly desirable to lower
the suit pressure as much as possible. If the suit pres-
sure is lowered to 4.0 psia, the normoxic habitat pres-
sure associated with an R of 1.0 is 7.1 psia.

NASA has established a 30 percent oxygen content (by
volume) upper limit for habitat atmospheres because of
flammability concerns. Above this limit, common ma-
terials suddenly become considerably more flammable.

This point, for normoxic conditions, is exceeded with
cabin atmospheres of 10.2 psia or less. This limit can

safely be exceeded by using special nonflammable ma-
terials within the habitat. Skylab, for instance, operated
safely for several months at a normoxic 5.0 psia.

The conclusion is that for safety and productivity, cabin
atmospheres less than 14.7 psia should be considered
along with suit pressures less than 8.3 psia. The ideal
combination would probably closely resemble the 5.0/
3.8 psia conditions of Apollo/Skylab.

6.3.2.4 Advanced EVA Life Support Impact Study

This section describes a study to evaluate the life-sup-

port equipment that would be necessary for EVA on an
advanced mission. The areas investigated include vent-
ing/non-regenerable subsystems versus non-venting/

regenerable subsystems in the portable life support sys-
tem (PLSS), shorter duration PLSSs, and the impacts of

additional life-support equipment on an emergency 2-

day rover.

Non-venting/regenerable processes to provide life

support are recommended for missions with numerous
EVAs without resupply. The logistics costs of carrying

resupply consumables for venting/non-regenerable
processes can be prohibitive. For example, 500 to 2,090
kg of sublimator water would be required as resupply
to support 280 EVA-astronaut days (6 months of regu-
lar EVA activity for two astronauts), depending on en-
vironmental conditions and astronaut size. This amount
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ishighcomparedtotheresupplyrequirements for non-
venting cooling systems, which would be in the range
of 23 to 91 kg.

Currently, the baseline life-support equipment used for
the Space Station Freedom PLSS includes non-venting

and regenerable subsystems for CO 2 removal, power
supply, and thermal control. The problem with this
baseline PLSS is that it is estimated to weigh 195 kg;
consequently, during a lunar EVA, the astronaut's
muscles would need to support 325 Newtons. This
number exceeds the OSHA limit of 200 Newtons for

back-mounted equipment; the OSHA limit is currently
being considered as the maximum PLSS weight require-
ment. One possible solution to the heavy PLSS problem
would be to shorten the duration for which the life-

support equipment must operate. Replaceable packs
could be stored on the rover and changed out at appro-
priate intervals. Figure 6.3.2-1 shows the PLSS weight
savings for shorter duration equipment using currently
available technologies.

Technology improvements and alternative construction

materials could help relieve the heavy PLSS problem.
Other possible solutions include using a power-only

umbilical and relocating some of the life support equip-
ment to other parts of the suit.

The impact of a 2-day emergency capability on the rover
has also been studied. This capability would allow two
EVA astronauts to survive for 2 days before returning
to the habitat. The PLSS and replaceable packs would
supply life support for 8 hours, and an umbilical from

the rover would provide the life support for the remain-
der of the 2 days. The rover umbilical would provide

Weight of PLSS with downsized
(Power supplied by fuel cell)

ice pack

Pack Earth Moon Mars
8 hour 195 kg 33 kg 72 kg
4 hour 182 kg 31 kg 68 kg
2 hour 165 kg 28 kg 61 kg
1 hour 155 kg 26 kg 57 kg

Weight of PLSS with downsized
C02 removal unit, power unit
(Power supplied by battery)

ice pack,

Pack Earth Moon Mars
8 hour 195 kg 33 kg 72 kg
4 hour 147 kg 25 kg 54 kg
2 hour 115 kg 20 kg 43 kg
1 hour 97 kg 16 kg 36 kg
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travel and emergency life support and could provide
thermal recharge (refreezing the ice pack). The rover

would use regenerablelife-supportequipment and

would be rechargedatthebase.The replacementPLSS

packs and the 2-day emergency capability will add ap-
proximately 900 kg to the rover.

In conclusion, the 2-day rover capability appears to be
achievable with current technologies. Technology im-
provements or other solutions will be necessary to solve
the heavy PLSS problem. Further study is reconm_ended
in the areas of PLSS weight requirements, the short
duration pack, and PLSS materials of construction.

6.4 AUTOMATION AND ROBOTICS/HUMAN
PERFORMANCE SPECIAL ASSESSMENT

Special assessments in automation and robotics/human
performance (A&R/HP) were directed at obtaining a
better understanding of requirements in these areas for
human lunar and Mars missions. In particular, analy-
ses focused on barrier issues, critical problems, and high-
leverage areas. Conventional and unconventional sys-
tems, technology, configurations, and technical options
were identified and evaluated. The goal of the assess-
ment was to provide system analysis and design capa-
bility to enable effective allocation of functions between
humans and machines for human exploration missions.
The study was an iterative process that incorporated new
information as it became available.

©

To perform this assessment, workshops were held with
each of the IAs to discuss issues and concerns. From

this information, the barriers, critical technologies, and
high leverage areas were identified and prioritized. In

many cases, it was necessary to
develop concepts for the critical op-
portunity areas to perform the
high-level trade analyses, and these
concepts provided a basis on which
to evaluate the technology readi-
ness level and to prioritize the tech-
nology needs. The high-level trade
analyses addressed about 80 per-
cent of the technology need items
identified by the EXTWG.

Iqoplaceablo

halloo/

Figure 6.3.2-1.- I_LSS weight savings for shorter-duration equipment.

The FY 1989 study efforts included
engineering analyses of on-orbit
operations and planetary surface
systems. A crew size trade-offanal-
ysis and human performance eval-
uation (benchmarks) were con-

ducted for representative opera-
tions at the orbital node, during
spaceflight, and on the planetary
surface. This section describes sev-
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eral concepts developed during FY 1989, including an
evaluation of A&R technology areas defining technol-

ogy readiness, priority, and critical applications.

6.4.1 Critical Concept Development

Critical concepts are capabilities that must exist to meet
stated mission requirements. In general, these capabili-

ties are enabling in that they overcome the limitations

of EVA, reduce the number of crewmembers assigned

to a particular task, and provide significant savings in
crew time.

Figure 6.4.1-1 shows a software architecture to enable

automated self-checking, monitoring, and maintenance

of on-orbit and planetary surface systems. The user inter-
face communicates with the user through a variety of

media: natural language (both written and spoken),

menu options, graphics, touchpanel, or any combina-
tion of these formats. The format of the information

displayed to the user is matched to the detail required
for users to effectively carry out tasks given varying

levels of expertise. This flexibility enables a user to in-

teract with the system from the highest command level

to the lowest without having to be specifically trained

in every aspect of the system. Although the user inter-

face is predominantly procedural software for control-

ling graphics, menus, and keyboard handling, it also con-

tains declarative software to process both verbal and

keyboard-activated natural language requests. This

software architecture would be applied to the critical

concepts described below.

The automated rendezvous and "soft" docking of fuel

tanks would use positioning sensors to coordinate

movements and remotely manipulate the robotic arms.

The robotic arms on the one vehicle then grasp the dock-

ing ring of the second vehicle. Crucial to this system is a

real-time procedural software system that can process

video data (for identification and guidance to docking

target), identify hazardous conditions (such as EVA crew

in docking path), and provide guidance, navigation, and

control for docking operation with or without use of

modular thruster packs. The system design is modular

and the thruster packs, multi-arm units, and docking

rings are interchangeable between tanks. The docking

is considered "soft" by partial dissipation of the kinetic

energy via conversion into potential energy by compres-

sion of springs.

I High level view of system architecture: (general) lii
_-_.:i:i:i:_:i:i:i:i:i:i:i:i:':i:i:.:::"-:i-:i:i:':i:.":.::.::i:.__:i:_:i_.:i:_:_:i:i:_:i:!:i:i:i:i:i:i:i:_:i:!:i:i:i:i:i:!:i:i:i:i:i:i:.::i:i:ii_:i:i_ii:i:i:i:i:i:i:i:i:_:_:'_!_:_:_:_¢":-_:i$-_C:':i:-T:i:-::":i:i:_:.:_:i:_:_:_:_:_¢"__:_:i:i:_¢ i:i:i_":"25_._

Data Commands/queries

_i _ • Natural language

I user interface fiii • Menu driven
_:_:_:_:_:_:_:::::_:_:_:_:_:_:_:_:_.._:_:_:_:_:_:_:_:_:_:_:_:_:_:``_::_::::_• Graphics

I • Decision support- User queries

I..... - High level vehicle control

Vehicle manager _iii_ - Vehicle reconfiguration

______ /_ State/reconfigu__ Commands/reconfigura_on

User quu_y_,- / u_== request x, -,_ approval

On-line fiidocumentation Ii_

• Indexed procedures for:

- Repair

- Experiments
- Manual sating
- Schedules

Crew activity
Maintenance

• Medical information

• Manual testing

I Vehicle FDI&R li_and control !_

• Vehicle sequencing
• GN&C

• FDI&R (fault detection, isolation and recovery)

• Vehicle reconfiguration

• Subsystem control and monitor

Figure 6.4.1-1.- Advanced software architecture.
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Automated on-orbit refueling and propellant tank han-
dling can use a helical concept, in which each propel-
lant tank is automatically indexed and transferred from
one carousel to the umbilical port for fuel transfer op-
erations, and subsequently returned for storage. Within
each propellant tank is a rotating mechanical device
designed to generate internal pressure for fuel manage-
ment. A feedback control system controls the angular
velocity of the internal rotating mechanical device, based
on sensor data of void development inside the propel-
lant tank. Trend data analysis of void developments by
expert system software is used to increase smooth pro-
pellant transfer. This system uses the automated soft
docking concept described above and uses a fluid trans-

_c"t:io_ 6, Optiol_, Alternatives, an(:[ Trades

fer line with ultrasonic sensors to control fuel transfer.

Due to the amount of construction, checking, mainte-
nance, and repair activities associated with the explora-
tion missions, a concept was developed for a versatile,
modular, manned/unmanned multi-arm robotic vehicle.

This concept has been called a space sub and is shown
in figures 6.4.1-2, 6.4.1-3, and 6.4.1-4. The manned/un-
manned space sub was designed to aid assembly of
complex systems. It can be anchored to a truss or other
structure, manipulate and position large or small struc-
tures, and be used for complex structure assembly. The
system utilizes mature effector and sensor technology
for control of the robotic limbs and can be equipped with

END EFFECTOR

DETACHABLE HAND ACCESS SECURITY

LIGHTS

THRUSTERS TANKS THRUSTERS ARM

STEREO
TVCAMERA

WELDING
TOOL

TELESCOPIC
ARM

)EFFECTOR

Figure 6.4.1-2.- Side view of space sub concept.
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Figure 6.4.1-3.- Front view of space sub concept.
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j

I
!

Figure 6.4.1-4.- Depiction of space sub

an additional thruster pack for moving heavy loads.
Expert system software is used to control the limbs to

perform automated rendezvous and soft docking. Sev-

eral video cameras are mounted on the space sub to aid

in monitoring remote operations. Embedded fish-eye

charge-coupled device sensors provide vision capabili-

ties to end-effectors. The robotic vehicle, designed to be

manned or unmanned, is modular (figure 6.4.1-5) and

can be used as an in-space/ground transport power

system for crew and equipment transfer, support of

hazardous material handling, as a platform for special

need equipment (e.g., science experiment deployment),

and a variety of other applications. Expert systems are

used to automate handling procedures, leaving human

capability free for troubleshooting, inspection, and other

critical requiremen.ts. On the surface, the space sub can

assembly operations on truss structure.

be used for automated cargo unloading and deployment

and for set-up of surface structures.

6A.2 High-Leverage Concept Development

High-leverage concepts offer significant advantages, but

are not critical for mission operations. Specific concepts
in this category that have been derived for in-space and

planetary surface A&R include the following:

a. Advanced engineering controllers for operation of

space systems

b. Automated cargo unloading and deployment ap-
proaches

c. Automated landing site preparation

d. Automated habitat/radiation shield installation
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e. Semtautonomouscooperatingconceptsfor mining
andLLOXproduction

f. Automatedapproachesforpowerhandlingandstor-
age

g. Intelligentmaintenancesystem
h. Automateddustcontaminationcontrol

Theconceptwasdevelopedforanintelligentsystemto
perform maintenance activities on space systems such
as solar arrays or nuclear reactor units. The control

system for this concept was designed with intelligent
control, distributed problem solving, control strategies,
and system-wide communications. The control system

is made up of three subsystems, which control diagnos-
tic activities, inspection functions, and robotic operations.

The diagnostic subsystem uses model-based and case-
based reasoning to perform diagnostic tasks. The in-

spection subsystem contains feature-based definitions,

object recognition capabilities, and the ability to perform
precision measurements. The robotic subsystem uses
knowledge-based definitions and intelligent controllers
to direct the "robot" to perform required maintenance
tasks.

Figure 6.4.2-1 shows one of the concepts developed for
automated mining. In this concept, the large triangular
"straddler" (also used for unloading cargo from the

lander) is utilized for slow excavation operations to

grade, level, and expose flat undisturbed subgrade. It
carries with it the miner/separator plant for mining the
unprepared substrate and beneficiates during transport.

Figure 6.4.2-2 illustrates a lunar ilmenite oxygen reactor
for the automated lunar LLOX production facility. The
facility uses hydrogen reduction of ilmenite to remove
oxygen from the regolith. Regolith is transported to the
facility in a 27 t capacity hopper that travels on rails.
Regolith is automatically transferred into the reaction
vessel, where it is reacted with 900 °C hydrogen gas. The

hydrogen gas bonds with oxygen in the regolith, releas-
ing water vapor, which is electrolyzed to recover the
input hydrogen and obtain the oxygen product. This
system has an estimated mass of 30 t and is landed in-
tact on the surface.

Although these concepts are not essential to carry out

the objectives of human exploration, they have poten-
tial to offer significant advantages over the current
baseline designs. Further study is needed to assess the

impacts of integrating these high-leverage concepts into
mission scenarios.

6.4.3 Automation and Robotics Technology Areas

To define the A&R technology areas, several general
barriers were identified.

O
THRUSTERPAC_GE

 N/LR/t

BASETREAD BASETHRUSTER/GRIPPER

Figure 6.4.1-5.- Possible configurations of modular space sub.
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a° Advanced A&R technology is limited for the in-

creased complexity level of assembly, service, and
repair.

b. No cost-effective approach exists for handling in-
creasing reliance on A&R.

c. Analytical tools for optimizing mission operations are
not available.

The A&R/Human Performance SAA began develop-

ment of a computerized THURIS program, which is an

analytical tool for optimizing mission design and op-

eration. This program will be used to perform crew size

trade-off analyses as a function of specific design and

assumed level of A&R in a systematic fashion. Inputs

and results of this application of the THURIS program
are shown in figure 6.4.3-1. This program provides a

starting point for future analytical tool development.

To better define other technologies to be considered for

future development, table 6.4.3-I was constructed. This

table includes technologies from the following A&R
technology areas:

Section 6, Options, Alte_-.atives, and Trades

a. Supervisory systems

b. Sensing and perception systems

c. Actuator systems

d. Database systems

e. Executive control computer systems

f. Systems integration

For each of these technology areas, specific subsystems

are defined, and the technology readiness and priority

are assessed. Technology readiness values range from

Level 1, where basic principles of the technology are

observed and reported, to Level 7, where a system vali-

dation model of the technology has been demonstrated

in space. In the need category, common and unique

enabling technologies are labeled as I and II, whereas

common and unique high-leverage technologies are

labeled III and IV. In the timing category, a ranking of
A is for near-term technologies; a ranking of C is for far-

term. For the risk category, a ranking of 1 is for high-

risk technologies, and a ranking of 3 is for low-risk tech-

Travel
(_ direction

/ _ Cutting tool / grader biade

// _ _, / Crowding hopper

I Straddler _

' outline _,,_

I _1 _J_/_-Gravel bin

I / I_ "Ganguebin
I Mounting strut/_/ \,_,_.. _.
/ /_. HOCkbin

"// sm
)/ 1 , , , , I

Gravel sieves

Gangue bin
(llmenite bin behind)

- Grades, levels, exposes fiat undisturbed subgrade

- Mines unprepared substrate, beneficiates during transport
- Rejects rocks > 10 cm, retains all else
- 10 t total mass
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Crowding hopper

tile-lift
Hold-up bin

/r',,

I

r_

7

Grizzly
scalper

Vibrator
stack
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Figure 6.4.2-1.- Illustration of large straddler with miner/separator plant.
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Figure 6.4.2-2.- Lunar ilmenite oxygen reactor.
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Figure 6.43-1.- THURIS program for crew-size tradeoff analyses.
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nologies. This table can be used to determine require-
ments for development of various technologies that
could be implemented in OEXP case studies.

As can be seen in table 6.4.3-I, the current A&R technol-

ogy level cannot handle the increasingly complex mis-
sion scenarios. Moreover, the baselined A&R is not

adequate for the construction, maintenance, and repair

operations required for initial buildup and long-term
operation of the space systems. Of particular concern is
the effect of the environment (dust contamination) on

long-term operation of the machines. What is required

is a central focus of A&R for ensuring commonality and

modularity between the on-orbit systems and the plane-

Section 6, Options, Alternatives, and Trades

tary surface systems. This central focus is necessary for
achieving a practical, low-cost approach for providing

the requirod A&R, and for ensuring long term maintaina-

bility of the space systems.

6.4.4

Table 6.4.4-I summarizes the activities of the A&R/

Human Performance SAA during FY 1989. Included in

this table are results/concepts presented to MASE and

the IAs at scheduled working group meetings and pro-
gram reviews. Also included are recommendations for

future case studies and a summary of major conclusions
drawn from study activities.

TABLE 6.4.3-I.- EVALUATION OF A&R TECHNOLOGY READINESS AND PRIORITY

A&R technolo_ areas

Supervisorysystems

Sensing and perception systems

Actuator systems

Database systems

Subsystems

Information feedback:
• Vision

• Force

• Predictive display

• Modeling
Command input:

• Master replica

• Joystick
• Digital
• Voice

• Integrated
supervisory

systems
• Human operators

Sensor:
• Vision

• Force/Torque
• Tactile

• Slip

• Range
• Others

• Visual Image
Identi/ication and

Recognition
• Multisensor

Identification and

Recognition
• Sensor fusion

Devices:

• Propusion jets
• Switches

• Electromotors
• Vernier control

• Manipulators

• End effectors

• Specialp_poee
mechanisms

Data........_:

• Integrated
CAD/CAM

• Technology

management

Technology readiness

Level Dev. example

7 Mission

operations at:
jsc, KSCJPL

4 Teleoperator lab
at: JPI..,MSI_

3 MIT

2 ARC

6 ORNL

7 RMS

7 Space Shuttle
4 jr_,jsc
6 jsc,KsC JPL

6 jsc, gsC JPL

7 SpaceShuttle

6 JPL,JSC
4 Case Western U.

2 j_
6 JPL
7 Space Shuttle

1 U. of Michigan

I U. of Michigan

7 Previous S/C

7 Previous S/C

7 Previous SIC
7 Previous SIC

7 RMS

6 RMS, JSC,JPL
6 STEP, [..aRC

2 ARC

3 CSFC

Priority level

Need Time Risk

I A 3

m B 2

IH B 2
m C I

m C 3

I A 3

I A 3

IlI C 2

I A 3

I A 3

I A 3
III A 3
III A 3
IV C 3

m A 3

I A

m B 2

m B 1

HI B I

I A 3

I A 3

I A 3

I A 3

I A 3

I A 3

I A 3

m B 1

m B I

Critical application

Remote S/C operations

Td,'manipulatiom

Remote operations with short time delay
Remote operations with long time delay

Telemanipulation

Telemanipu_ation

Remote operations
Multiple path controlrequirements
Near-Earthand deep spacemission operalions

Visual environmmt determination

Dexterous manipulators and other mechanisms

3-D environment determination

Special environments (vibration, deformation)

Automatic patternrecognition and classification

Mullisensor recognition and classification of
information

MMV, OMV, OTV,
Space ShuttleRMS, F'rs,

Rovers,mobilityunits,

Teleroboticmechanisms, etc.

Database management system for mission

operations
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TABLE 6.43-I.- (CONCLUDED)

A&.R technology areas

Database systems (continued)

Executive control computer

Systems integration

Subsystems

Knowledge bases:
• Astronaut aids

• Operations
monitor

• Diagnos_cs
• Maintenance
• Simulation

• World modeling
• Planning

Inference ent_'ws:

• Diagnostics
• Plam'dng

Systems."
• Coordinated

control of multi-

subsystems
• Mobile A&R

• Mobile

cooperation A&R

Technolo_ readiness Priority level

; jsc, ARC in B 1

6 jsc m B 3

2 ARC, JPL In B 1
1 ARC In B 1

1 ARC m B
1 ARC 111 B I

2 ARC, JPL m B 1

2 ARC, Jl_ In B 2

2 ARC, Jl_ m B 2

2 ARC, JSC, LeRC m A 2

2 /pL m A 2

I ARC, J1_ In B 3

Critical application

Expert systems for operating and maintaining
equipment in space
Mt_ion operations and control

Autonomous propellantproduction

Surfacerovers,freeflyers,

Constructionequipment, etc.

Autonomous propellantproduction
Surface rovers, free flyers

Automated self-check., monitor, maintenance,

in-space vehicle processing, monitor and

control of planetary surface station
Autoiaomous landing, rendezvous and

i docking, simplein--spaceassembly and

consl1-uction, planetary science rover,
application-spe_c A&R tools
Complex in-space assembly and construction,

planetary surface operations (e.g., site
preparation, mining, propellant production)

TABLE 6.4.4-I.- SUMMARY OF A&R/HUMAN PERFORMANCE SAA ACTIVITIES

Results/concepts used in FY 1989 case studies Recommendations for future case studies FY 1989 conclusions

Orbital node _ystcms

• In-space assembly of rigid aerobrakss is
feasible.

• Assembly andprocessing of interplanetary
vehides on-orbit are practical without

_ce_ive c_w supporL

TransDorlation systems

• Aerobrakes can be configured to utilize

compressive forces during re-entrytokeep the

aerobrake system intact.

• Lunar surface peyloads are more headily
accommodated with s lunar down-cargo

capadty of 30 t (increased from 20 0

Planetary surface systems

• Use of self-contained systems allows simpler

emplacement operations.

• Outpost buildup beginning with an unmanned,
robotic cargo mission can allow emplacement
of initial habitat and shielding.

Orbital node systems

• Development of a versa file manned/u nmanned
multi-arm robotic vehicle (space sub) is

needed for construction, checkout, sefvicin 8,
repair, and rescue operations. This system can
also be outfitted for use on planetary sudaom.

Transportation s.vslema

• ETO vehicle payload shroud should be
increased from 12 m to 15 m to accommodate

large, automatically deployed payloads.

Planetary surface systems

• LLOX production should begin early using

solar power sources.

• LLOX reactor should be designed for eale of
robotic control.

• Mining powe" requirements maybe reduced by
_cavating slowly with a shallow scraper.

• Failure modes and effects analysis should be

conducted for surface system hardware.

• All recurring operations and definable tasks,
such as systems monitoring, faultdiagnosis,
housekeeping, etc., should be automated to

the fullest degree possible.

• Unique operations and tasks requiring
drcumspoction, i.e., artificial intdligence,
should generally not be automated, unless

automation is the only means to provide the
capability.

• A&R/human performance considerations must
be included from the start of conceptual

design.

• Commonality and modularity should be used
wherever possible in both hardware and
I_tl_rare.

• A generalpuqxa_e multi-arm robotic vehicle
(space sub) is nec_sary for evolutionary type

mpioration missions.

• Precursor missions and systems, such as Space
Station Freedom, MMV, FTS, OMV, HLLV,

Mars Observer, Lunar Observer, Mars Rover/

A large, three-legged, mobile gantry dan be
used for og-loading of the lander and for

ground transport.

• Surface vehicles can be operated using low

o power _.- 5k'_'_.

• 'Using sellar-ate regolith-shield containers is
more desirable than direct module burial for

radiation protection.

• Solar arrays for surface power ean be
robotically deployed using rigid-plate, tripod-

mounted solar array units.

Sample Return, etc.,willprovide a broad

technological base for exploration type
missions.

Outstanding areas relating to OEXP case study

requirements that require additional
engineering development indude:
(1) automated propellant management and

re(uding in space; (2) automated construction
or assembly of large aeroaheiis in space;
(3) automated assembly and construction on
the Moon and Mars including loading and

deployment; (4) automated mining and

propellant production.

_O_2droEs: - A&R/Human Performance Annual Report, Volume VI-Spedal Studice
- Video/Scripts - "Gett in8 Them" and "Manned/Unmanned Spa,',, Sub"
- F..ngtneerin8 Analysis for AssemblyandCheckouto4"Space Trat_portation
VehidesinOrbit

-EngineeringAnalysisfortheDesisn,Emplacement,Checkoutand Pedorrmnoeof
RoboticLunarSurfaceSystems

-ReliabilityEvaluationof•RobotlcallyComdn_ctedLunarBate

- FIS Capabilities A_ment for On-O_it Operatiom and Phnetary Sudaoe
Operation.

- Advanced Engineering Software for In-Space Amembly and the Manned
Mare Spacecraft

- Human Performance Crew Size Study
- Computerized A&R/Human performance Tredeo ff Tool (THURIS)
- StructuralIntegrity/Smart Sensor Asae_me,t
- Augmented pressurized Rover
-DesiEn Cuiddinm and Rules
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6.5 EARTH-MOON NODE LOCATION

Most lunar outpost studies to date have presupposed
the use of a transportation system similar to the one used
for Apollo: a separate Earth-Moon transportation ve-
hicle and lunar lander with payload transfer occurring
in low-lunar orbit (LLO). This strategy is used because
it can provide the best mass performance for the pay-
load delivered to the lunar surface. In an operational
scenario in which vehicles will be reusable and cost

becomes a dominant factor, a different strategy may be
more appropriate. The objectives of the Earth-Moon
node location trade study are to determine if such an
alternative strategy exists and to characterize it in terms
of performance, functionality, and cost. This objective
can be broken into five main components, which are
discussed below.

The first component is to determine at what activity/
capability level in the development of a lunar outpost
an Earth-Moon libration point or lunar orbit node will
contribute to program cost avoidance. "Node" in this

context could consist of as little as a rendezvous point
or as much as extensive permanent facilities. Such fa-

cilities could provide payload warehousing, propellant
storage and transfer, on-orbit maintenance, and/or
vehicle hangars.

The second component is to determine the best location
in Earth-Moon space for this node. Figure 63-1 illus-

trates options for this location. Both mass performance
and cost will be determining factors in this selection.

The third component is to determine the capabilities a
node must have to support a lunar outpost. In other
words, where in the spectrum of node facility capabili-

ties discussed above is the best combination to support
a permanent lunar outpost?

In any operational scenario, Space Station Freedom will
serve as a transfer point between the Earth-to-orbit and
the Earth-orbit-to-lunar-surface transportation systems.
As such, Space Station Freedom will initially have what-

Section6,Options,Alternatives,and Trades

ever permanent on-orbit facilities are needed to support
the space-based segment of the transportation system.
The fourth component of this study is to determine at
what flight rate and/or activity level it becomes advan-
tageous to move or duplicate these facilities at an or-
bital location other than Space Station Freedom.

The last component of this study is to determine the best

location in the Earth-Moon system for a node to support
the assembly, propellant resupply, and launch of a pi-
loted mission to Mars, assuming the availability of lu-
nar-derived propellants.

6.5.1

Portions of the issues discussed above were examined

last year as they applied to the four case studies then
under consideration by the Office of Exploration. Re-
sults are documented in Volume II of the Exploration
Studies Technical Report, FY 1988 Status (Technical
Memorandum 4075). Significant points relevant to this
year's study are summarized below.

The requirement for and function of an orbiting node
were assessed for all FY 1988 case studies. In each case,

the evaluation criteria were mass performance and/or
operationally enabling functions; cost was not evaluated.
For the first two FY 1988 case studies (Phobos and Mars

expeditions), no node beyond low-Earth orbit (LEO) was
deemed necessary. For the Lunar Observatory case
study, the choice was defined from the outset as either a
LEO node or a LLO node. The conclusion reached was

that a low-Earth orbit node is preferable. The fourth FY

1988 case study (Lunar Outpost to Early Mars Evolu-
tion) was not examined in sufficient depth to determine
whether a node other than one in low-Earth orbit would

be required.

The location of an Earth-Moon node is a question that
has been considered since the late 1960s. In 1969, the

President's Space Task Group studied the necessity for
and characteristics of a lunar space station as part of its
integrated program plan for exploration of the Moon in

L4•,+::i:i:i:':i:i:i:':_i:_:_:::i:::._..
..:.::i_i_.::_i_:i:i:_:.::::_::-i:_:_:_:i::-':-. ......

_!::::::i::i::::iiiiiiiii_i_i_i__:``_i_i_i_...``.i_i_i_`_```i_:_i_i_`_i_i_``_i_i..`:.i_ii_:_i_:L1 + + L2

°..

kS

Figure 6.5-1.- Potential node locations in Earth-Moon space.
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the 1980s and beyond. This plan recommended placing

such a space station in a 60 nautical mile altitude polar
orbit to allow global access to the Moon's surface. Pro-
posals were also made to locate this facility at the L1 or
L2 Earth-Moon libration point.

A study conducted by A.D. Little in 1987 examined the
economics of a lunar transportation system, including
the best node location. The system was designed pri-

marily for delivering lunar-produced material (princi-
pally lunar-derived liquid oxygen) to LEO. Conclusions
reached by this study were heavily dependent on the
assumptions for the Earth-to-orbit launch costs and their
effect on the return on investment for such a transporta-
tion system. These assumptions drove the study to use
electromagnetic and/or laser-assisted propulsion to
achieve the highest efficiencies possible. As a conse-
quence, the results did not provide a high degree of
insight into this problem, but provided useful eco-
nomic considerations and analytical processes.

b. Determine the operational activities (if any) that
warrant facilities at a cislunar node.

c. Determine at what flight rate or activity level a cis-
lunar node contributes to cost avoidance.

d. Prepare conceptual designs for cislunar node facili-
ties to support a lunar outpost.

e. Assuminglunar-derived liquid oxygen production,
determine the rank order of node locations in Earth-

Moon space to support a piloted Mars mission.

The trade space for these tasks consists of six transpor-
tation scenarios and six cislunar node locations. Table

6.5.2-I defines these options. Within each scenario, all
vehicles are assumed to be reusable and to use aerobrak-

ing where feasible. The use of lunar-derived liquid

TABLE 6.5.2-I.- TRANSPORTATION SCENARIO
AND CISLUNAR NODE LOCATION DEFINITION

Several other studies have also indicated that it is not

profitable from a performance standpoint to return lu-
nar material (including lunar-derived liquid oxygen)
to LEO. Returning material, even lunar-derived liq-

uid oxygen, increases the size of the structure and aero-
brake shield that must first be pushed to the vicinity
of the Moon. The penalties associated with returning
material outweigh the benefits derived. There are
advantages, however, to using lunar-derived liquid

oxygen for propulsive maneuvers near the Moon.
Using lunar-derived liquid oxygen alleviates the need
to bring this propellant through the logistics train from
Earth.

These previous investigations have helped this study
by indicating the activities that may be carried out at a
node, the cost factors that should be considered, and

the scenario(s) that is likely to be the most cost-effec-
tive.

6.5.2 Study Approach

Initially, this study assumed that a minimum trans-
portation infrastructure will provide the lowest devel-
opment and operational cost to support a lunar out-

post. Space Station Freedom was assumed to be part
of this minimum infrastructure. Study tasks were then
constructed to evaluate the need for multiple vehicles

and a cislunar node to support a lunar outpost. From
these studies the "best" (i.e., lowest cost or operation-
ally enabling) transportation scenario and node loca-
tion would be identified. Specifically, the tasks include:

a. Determine the rank order of Earth-Moon staging

locations for support of a lunar outpost using mass
performance as.the criterion.

Transportation scenario

1. Direct from low-Earth orbit to the lunar surface;

no lunar-derived liquid oxygen for propellant.

2. Direct from low-Earth orbit to the lunar surface;

lunar-derived liquid oxygen is available for
Earth-return propellant.

3. Separate space transfer vehicle and lunar lander;
lander based in low-Earth orbit; no lunar-

derived liquid oxygen for propellant.

4. Separate space transfer vehicle and lunar lander;
lander based on lunar surface; no lunar-derived

liquid oxygen for propellant.

5. Separate space transfer vehicle and lunar lander;
lander based on lunar surface; lunar-derived

liquid oxygen is available to lander as

propellant.

6. Separate space transfer vehicle and lunar lander;
lander based on lunar surface; lunar-derived

liquid oxygen is available to lander and to space
transfer vehicle (for Earth return only) as

propellants.

N_e location

1. None

2. Geosynchronous Earth orbit

3. Libration point #1 (L1)

4. Libration point #2 (L2)

5. Libration point #3 (L3)

6. Libration point #5 (L5)
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oxygenis oneof theoptionsthatdifferentiatethesce-
narios. Scaling factors for the vehicles are the same as

those used for the propellant leveraging study described
in the next section. Life-cycle cost (i.e., development plus
operations costs) is used as the discriminator for the 22
possible combinations of node location and transporta-
tion scenario.

6.5.3

For the first task, several sources were reviewed to com-
pile a list of delta V values between node locations under
consideration. Small variations in the values were com-

mon, depending on the assumptions made by those
conducting the study. The A.D. Little study developed
a complete set of delta V values generated with a consis-
tent set of assumptions. These values are listed in table

section 6, Options,Altes-natives,and Trades

6.5.3-I, and they will be used in subsequent tasks.

A set of linear equations was then constructed that de-
scribes each of the six transportation scenarios. These
equations were constructed in a manner such that ve-
hicle performance factors could be varied as part of a
parametric sensitivity study. Once in this form, the
equations can be solved simultaneously.

Table 6.5.3-II lists the scaling factors used as "baseline"
values. When combined with the delta V data from table

6.5.3-I, the resulting mass performance for each of the
22 combinations is shown in figure 65.3-1. These data
have been non-dimensionalized by dividing the trans-
portation system mass (vehicle plus propellant) by the
payload delivered to the lunar surface. This ratio char-
acterizes the overhead required to deliver each kilogram

TABLE 6.5.3-I.- DELTA V BETWEEN VARIOUS NODE LOCATIONS

To

From

LEO

GEO

L1

L2

LLO

Lunar surface

L5

LEO GEO L1 L2 LLO Lunar L5 Escape
surface

4.33 3.77 3.43 4.04 5.93 3.97 3.22

2.06 1.38 1.47 2.05 3.92 1.71 1.30

0.77 1.38 0.14 0.64 2.52 0.33 0.14

0.28 1.47 0.14 0.65 2.53 0.34 0.71

1.31 2.05 0.64 0.65 1.87 0.98 1.40

2.74 3.92 2.52 2.53 1.87 2.58 2.80

0.84 1.71 0.33 0.34 0.98 2.58 0.43

Note: All figures in km/s.

(From "ASTSStudy," A.D. Little, Inc., ADL Reference 54104, Dec. 1987)

TABLE 6.5.3-II.- BASELINE SCALING FACTORS
FOR TRANSPORTATION SYSTEM ELEMENTS

Scaling
factor

Mix ratio

Isp
fl, f3
fs, t2

Direct-to-
surface

STV/lander

5.16
482.00

0.11
0.12

m,,

STV

5.16
482.00

0.11
0.10

,m ,

Intermediate
node lander

11.00

409.18
0.11
0.02

Mix ratio:

lsp:

fl, f3:

fs, t2:

Oxidizer/fuel mixture ratio

Specific impulse (sec)

Tankage structural factor (kg tank/kg
propellant)

Shield (fs) and lander (f2) structural
factor (kg/kg)

6-43



OEXP Technical Report, FY 1989, Volume I

3O

= _ _ _ander& OTV LLOX

= er LLOXony
-=_ _ /"t___ MoonLandor; noLLOX
---_1_ _ / E=___ / _ / LEO I_ander;no LLOX

/'a ._./_ / // / Direct;noLLOX
None L5 L1 1_2 LLO

Figure 6.5.3-1.- Transportation system mass performance for all options.

of payload to the lunar surface. Minimizing this over-
head provides a first-order indication of the most cost-
effective node location. As can be seen in figure 6.5.3-1,
the GEO node location requires the highest overhead of
the options considered. Figure 6.5.3-2 illustrates the same
data without the GEO node. Based on these results, the
three best locations, in ranked order, are LLO, L2, and

L1. For each of these options, it can be seen that the use
of lunar-derived liquid oxygen as propellant for a lan-
der based on the surface produces the best results. The
use of lunar-derived liquid oxygen for return of the orbit
transfer vehicle to low-Earth orbit actually increases the

overhead, because the cost of transporting hydrogen to
the Moon to lift the additional oxygen from the Moon

exceeds the savings derived from using oxygen for the
return flight to low-Earth orbit.

For the second task, previous studies were reviewed, and

new information was gathered from those working on
the lunar outpost case study. The results can be divided
into five categories, which are discussed below.

The first category consists of those operational advan-
tages that are obtained from having no node other than
LEO. In this case, all on-orbit maintenance for a lunar

lander and/or space transfer vehicle can be performed
at a common set of facilities; no duplication is needed in
another space-based facility or on the lunar surface.

Operations are simplified, since an entire vehicle stack
can be assembled, fueled, and checked in one location.

All vehicles then return to the same facility for disas-

sembly and repair (if necessary).

In the second category are those functions common to
all nodes beyond low-Earth orbit. Facilities at this node
can provide cargo handling and temporary payload
storage, relieving the transportation system from carry-
ing hardware to accomplish these functions. Tempo-
rary storage also opens the opportunity for optimizing
the payload size and flight rate for the transportation

system elements, since these vehicles would not be obli-
gated to meet other elements at specific times. A com-
munication link between various lunar surface sites or
between the lunar surface and Earth could be provided

at a node. Finally, if pressurized facilities are available,
the node can function as a rescue point and safe haven.

The next two categories apply to low-lunar orbits. If the

fadlity is located in a polar orbit, access to the entire lunar
surface is possible. Near-polar latitudes can also be
accessed once per orbit, whereas near-equatorial sites
can be accessed on a 14-day cycle. Such an orbiting fa-

cility could be used for remote sensing of the surface
and data gathering from surface sites.

For a facility in a near-equatorial orbit, access can be
attained on every orbit. Such an orbit would allow large
electromechanical launchers to be used, improving the

surface-to-orbit efficiency.

The last category applies specifically to libration point
nodes. Delta-Vs to and from interplanetary trajectories
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g

b--

None L5 L1 1.2

.andor & OTV LLOX

/ Landor LLOX only

Moon Lander; no LLOX
LEO Landor; no LLOX

/Direct; with LLOX

__J_Direct; no LLOX
LLO

Figure 6.5.3-2.- Transportation system mass performance for selected options.

are typically the lowest from these points when com-
pared to other node locations. The L2 point combines
the access advantages of the low-lunar orbits discussed
above, providing both global and continuous access to
the surface. The drawback in this case is the flight time
required between the surface and this point, typically 3
days. Electromechanical launchers can also be used to

send payloads to the L5 point.

For the third task, life-cycle cost was used as the crite-
rion to measure Which node, using which scenario, and

at what flight rate provided the most cost effective op-
tion to support the lunar outpost. Costs used to evalu-
ate these combinations were assumed to include three

components: (1) development and production costs for
hardware items including transportation systems, sur-
face systems, and any node fadlities; (2) transportation
cost from Earth's surface to the lunar surface; and
(3) operations costs for the space-based transportation
system and facilities used to support this transportation
system, both in space and on the lunar surface. To carry
out this analysis, the approach used was to first exam-

ine the effect of significant cost drivers, specifically Earth-
to-orbit launch c6sts and the cost of operating lunar
surface facilities (e.g., liquid oxygen production plant).
Once the most promising options have been identified,
other costs can be.added to determine if the trends
remain the same.

In researching this task, it became obvious that cost esti-

mating relationships for lunar surface equipment or
operation of space-based systems do not exist. A study
reported in section 6.4 investigated costs associated with
these activities, but the results were not available in time

to be used here. For purposes of this study, conserva-
tive estimates were made using known data. Specifi-
cally, all hardware was estimated to cost $50,000/kg
(comparable to the development cost for the Hubble
Space Telescope), and Earth-to-orbit costs were esti-

mated to be $10,000/kg (based on $300M/launch for the
Space Shuttle with a 27.2-t payload on board).

For those cases in which no lunar liquid oxygen was
used, only the Earth-to-orbit costs were tracked. When

lunar liquid oxygen was used, the additional cost asso-

ciated with setting up and maintaining the production
plant was also tracked. Items costed for this plant in-
clude fixed facilities (consisting of the production plant,
power plant, and a prorated portion of the habitat for

support personnel) and operating supplies (consisting
of spare parts for the plant and a prorated portion of the
crew consumables). Table 6.5.3-III lists the assumed

scaling factors that are proportional to the annual out-
put of the liquid oxygen production plant.

To gauge the effect Of these costs on the performance of

the transportation scenarios and node locations, a steady-
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TABLE 6.5.3-III.- SCALING FACTORS
CHARACTERIZING A LUNAR LIQUID OXYGEN

PRODUCTION PLANT AND SUPPORT
FACILITIES

Fixed faci]i_, elements

Liquid oxygen
production plant

Power plant

Habitat facility

Combined

1/5 plant mass/LLOX
output/year

1/10 plant mass/LLOX
output/year

1/ 10 habitat mass/LLOX

output/year

4/10 kg total facility/kg
LLOX output/year

Resupply/maintenance elements

Spare parts 5% of plant mass/year +
2.5% power

Plant/year + 2.5%
habitat/year

2,700 kg/person/year; 2
people/100,000 kg
LLOX/year

7/100 kg resupply/kg
LLOX produced/year

Consumables

Combined

state delivery of payload to thelunar surface was mod
elled for 10-year and 20-year periods. Performance val-_.
ues discussed earlier were used to characterize the effi-

ciency of each transportation scenario. The results from
this analysis are shown in figure 6.5.3-3.

The first effect to be noticed is that those cases using
lunar-derived liquid oxygen consistently require lower
overall cost when compared to those cases that do not
use this resource. However, the crossover point, defined
as the time at which the accumulated cost of one option
becomes greater than the other option in the compari-
son, can _r in as few as 2 years or as many as 15 years.
A more interesting point to note here is that the direct-
to-surface case using lunar-derived liquid oxygen is
reasonably competitive with the overall best case: a low-
lunar orbit node with a surface-based lander using lu-
nar-derived liquid oxygen. This direct-to-surface case
removes the need to stage the transportation vehicle at

some intermediate point, simplifying operations. This
option also allows the entire vehicle plus payload to be
checked prior to launch, and it allows the transporta-
tion vehicle to be maintained at a single facility based in
low-Earth orbit. These considerations could make the

additional operating costs worthwhile. These results are
promising and should warrant further investigation.

Analyses for the fourth and fifth tasks were not carried _

out during this year. Activity in these areas may con-
tinue in the future. Based on the analyses that were
accomplished, several conclusions and recommenda-

Years I - 10

No LLO L1 L2
node node node node

w Years 1 - 20

• Transportation costs (no LLOX)

L5 No LLO L1 L2. L5
node node node node node node

Legend t
[] Transportation and facility costs (LLOX available) I

I

Figure 6.5".3-3.- Accumulated annual costs for the direct-to-surface scenario and selected node
locations using the lunar surface-based lander transportation system.
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tionscanbemade.First,basedstrictlyonmassperform-
ance,thethreebestnodelocations,in rankedorder,are
low-lunarorbit,L2,andL1. Theperformanceforeach
of theselocationscanbenoticeablyimprovedwith the
useoflunar-derivedliquidoxygentoassistpartsofthe
transportationsystem.However,the mass performance
of these locations is sufficiently close that life cycle costs
could alter the conclusion about which is best. In fact, a

simplified analysis has indicated that the L2 point may
be more cost-effective to operate than the low-lunar orbit
location. Introduction of lunar-derived liquid oxygen
also makes a direct-to-lunar-surface option competitive
on a mass performance basis and brings with it the
advantage of concentrating space-based facilities in low-
Earth orbit, introducing more potential cost savings.
Additional work is required to adequately characterize
the hardware and operations costs for the elements in
this system before a definitive answer as to the best lo-
cation for an Earth-Moon location can be provided.

6.6 LUNAR LIQUID OXYGEN LEVERAGE

The objective of this trade study was to determine the

lunar outpost activity level at which the production of
oxygen from lunar materials becomes attractive as a

means of reducing total program costs. Presumably,
some level of demand for oxygen exists wherein a re-
turn on investment is possible by producing that oxy-

Section 6, Options, Alternatives, and Trades

gen on the Moon rather than importing it from Earth, as
shown in figure 6.6-1. Past studies have presented dif-
ferent conclusions about where this oxygen demand
level exists, if at all, primarily because of the different
assumptions made in the various studies. The question
of when a return on investment is possible when pro-
ducing lunar oxygen raises a complex series of related
questions: What are the objectives of the lunar outpost?
Where is the oxygen to be used -- low-Earth orbit (LEO),
low-lunar orbit (LLO), or on the lunar surface? How

will the oxygen be extracted from the lunar regolith? Are
there any other usable by-products such as lunar-derived
fuels, metals, or volatiles? What is the overhead associ-

ated with producing the oxygen; i.e., how many addi-
tional crew are required on the surface, how much ad-
ditional power is needed, and how much additional
equipment must be taken to the Moon every year? What
is the transportation architecture between Earth and the
Moon -- all-chemical, nuclear, mass drivers on the

Moon? What are the development, production, opera-
tional, and transportation costs for all the required ad-
ditional systems? Each of the studies conducted to date
has examined some of the above questions. Rarely,
however, have any of the studies looked at the same set

of questions, thereby making impossible direct compari-
sons of results. In addition, few studies have used cost

as the principal discriminator of results; most have used
mass to LEO as a first-order cost estimate, in order to

O
o

E

es

With LLOX
production

Baseline_udyas_mptions]St_yun_malnty

Activity level v"=

Figure 6.6-1.- Relationship of lunar outpost activity level to LLOX production.
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simplify the problem.

For this study, past work on LLOX production was re-

viewed to derive reasonable ranges for LLOX produc-

tion performance parameters. Utilization of LLOX was

then evaluated to define the lunar outpost activity level
at which a reasonable return on investment is achieved.

The results of the study are discussed in section 6.6.3.

6.6.1 Overview of LLOX Production Techniques

A literature search was conducted to understand the

work that has been done on the potential of LLOX, so
that the focus of this trade study could be appropriately

narrowed. Areas covered in the search included gen-

eral overviews of the potential uses for LLOX, oxygen

production processes, and the costs and benefits associ-

ated with LLOX. Approximately 50 different reports and

technical papers were examined.

Two principal conclusions were reached. First, the po-

tential benefit of LLOX depends heavily on the location

at which the demand for LLOX occurs. In general, given

the same quantitative demand for LLOX at two differ-

ent locations, for example LEO and LLO, the potential

for a return on investment is higher for the location closer
to the lunar surface. However, the demand for LLOX in

a typical lunar outpost program increases as location in-
creases in distance from the Moon. LEO is farther from

the Moon than LLO, but the quantitative demand for

LLOX there is greater, thereby allowing economies of

scale in producing LLOX. The majority of articles cov-

ering LLOX production examine the potential of export-

ing LLOX to LEO for use in activities that would arise

from a space transportation node located there (e.g.,
human missions to Mars, robotic GEO missions and

planetary probes, and support of Strategic Defense Ini-

tiative (SDI)). These articles all came to generally the

same conclusion: to obtain a reasonable mass payback
ratio (i.e., mass to LEO with LLOX/mass to LEO with-

out LLOX < 1.0) or an economic return on investment,

the demand for lunar oxygen in LEO had to be very large

(more than 1,000 t/year). As a result, in order to narrow

the scope of this trade study, the analysis focused on

using LLOX to satisfy demand between the Moon and

LLO only, in support of a typical lunar outpost. No

LLOX was exported to LEO, nor was LLOX used to

support human missions to Mars.

The second conclusion involved the transportation archi-

tecture used to support a lunar outpost program. The

most frequently discussed chemical propulsion systems

in the LLOX production studies used oxygen as the

oxidizer and hydrogen as the fuel. Using LLOX in these

propulsion systems still requires that hydrogen be

brought from Earth; unless sufficient quantities can be

produced on the Moon. Two possibilities exist for hy-

drogen: water ice at the permanently shadowed regions

of t h_ l--un ar_l_es a nd-F_yd r0gen empla n ted in tie _go-

lith by the solar wind. Obtaining hydrogen from water

ice would require that the outpost be placed at one of

the lunar poles, which would cause some operational

changes compared with an equatorial outpost. How-

ever, the presence of water ice is only theorized; no di-

rect evidence has ever been obtained. Extracting hydro-

gen emplanted by the solar wind is difficult, because

hydrogen is scarce in the lunar regolith (50 ppm), and

very large quantities of rego|ith have to be processed.

This may require a separate process to extract the hy-
drogen, since the amount of hydrogen produced in the

typical LLOX production process is far less than that

required for propulsion systems. Other propellant

combinations, such as oxygen and aluminum, or oxy-

gen and silicon, have been considered as alternatives to

oxygen and hydrogen. The motivation for using these

alternatives is the desire to produce all lunar vehicle

propellants from lunar materials, thereby decreasing the

logistics required from Earth. However, these "metal"

engines have dramatically lower specific impulses (270

seconds versus 480 seconds for advanced LOX/LH2),

requiring larger quantities of LLOX to achieve the same

objectives. In addition, the propulsion system designs

for these alternative "metal" engines are only in the

conceptual stages, and many problems still must be
resolved. Due to these uncertainties and in orderto focus

on the potential benefits of LLOX, only chemical pro-

pulsion systems using oxygen and terrestrial hydrogen
were considered.

Numerous proposed processes can produce oxygen from

lunar materials. Table 6.6.1-I presents some of the perti-

nent parameters of several representative LLOX produc-

tion techniques. However, the degree to which these

processes are understood varies. Only one process,

hydrogen reduction of ilmenite, has been studied in some

detail, and many of the other processes are only atthe

conceptual stage. Nevertheless, a base of knowledge

allows the generalities of LLOX production to be de-

scribed. Table 6.6.1-I shows that the various processes

have widely different oxygen production efficiencies in

terms of the theoretical and estimated actual oxygen

produced per metric ton of mined regolith. The pro-

duction efficiencies vary by a factor of more than 100.

These variations are based on the composition of the

lunar regolith and the thermodynamics of the produc-

tion processes.

Plant masses and power requirements are not as well

understood as mining requirements. The existing data

indicate that the estimated plant masses and power

requirements vary by factors of six. However, because

these variations are poorly understood, the real differ-
ences will become better defined as further studies are

completed. Similar uncertainties in the reactant resup-
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TABLE 6.6.1-I.-REPRESENTATIVE LLOX PRODUCTION PARAMETERS

Technique Theoretical Estimated

dfidency dfidency***
(%)* (t/t)** (t/t)**

Metals

Low yield
Hydrogen
reduction

of ilme_ite****

1.8 127 327 Fe

Carbothermal
reduction of
ilmenite****

1.8 I27 160 Fe

M_lium yiel_l

Hydrogen
sulfide
reduction

23 9.9 25 Mg, Fe, Ca

Molten 41 5.6 6.2
silicate

electrolysis

High yield
Molten 100 2.3 2.9
salt

electrolysis

Si, Fe

Si, Mg, Fe
Ca, AI, Ti

Fluorine

exchange

Hydrofluoric
acid

leaching

100 2.3 2.9

100 2.3 2.9

Si, M& Fe
Ca, AI, Ti

si, M& Fe
Ca, AI, Ti

Sodium 100 2.3

hydroxide

electrolysis
*% of available LLOX(44%)in typical regolith
**t of resolith processed/t of LLOX
*"*Only the metals that occur in lunar materials in >1%

abundances are listed; i.e., Si, Mg, Fe, Ca, AI,and Ti
****Assuming a maximum of 7.5 %free ilmenite in high

titanium mare re_lith

2.9 Si, Mg, Fe
Ca, A1, Ti

ply, spare parts requirements, and crew requirements
for set-up, production, and maintenance exist for all the
proposed production techniques. For the purposes of
this report, the existing information does allow reason-
able limits to be set for these propellant processing per-
formance parameters.

6.6.2 Study Approach

The basic approach used in this study to assess the po-
tential benefits of LLOX was to establish a realistic ref-

erence lunar outpost scenario that does not incorporate
the production of LLOX. This reference outpost was then

compared to the same outpost with LLOX production
equipment and its associated overhead and infrastruc-
ture included. Total costs for the two programs were
then determined on a year by year basis and the cumu-

lative program costs were compared. The intersection
of the two curves, if one occurs, designates the time to a
return on investment. Because of the relative uncertainty

in the various parameters (discussed in section 6.6.1),
the study was conducted parametrically. Thus, rather
than a single point defining the time to a return on in-
vestment, a bounded region is outlined.

Since the objective of the trade study is to define the
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activitylevelatwhicha reasonable return on investment
is achieved, various levels of activity had to be exam-
ined. However, the activity level is a function of the

type of lunar outpost program. Two major approaches
to modelling a lunar outpost can be used to determine
the effects of LLOX on the system. In the first approach,

the modelling tracks the evolution of an outpost devel-
opment scenario, with and without LLOX production,
starting with the first flight in the outpost development

program and stopping at a designated point in the de-
velopment sequence. This approach has the advantage
of being highly accurate in that it takes into account all
the details of the full development sequences of the
outpost. However, the activity level (i.e., the level of
LLOX demand) is not constant, making the results highly
dependent on the characteristics of the evolutionary
sequence chosen, in particular the outpost's rate of ex-
pansion and the point at which LLOX is introduced into

the program.

In the second approach, the modelling tracks only the
differential effects of adding LLOX production to an
outpost that has attained a "steady-state" level of activ-
ity. By considering only the differential effects, the re-
sults are independent of the evolutionary path of the
outpost. By examining several different levels of steady-
state activity, the level at which a reasonable return on
investment is achieved can be determined. This ap-

proach reduces the amount of time needed for the study
because representative levels of activity for an evolu-
tionary outpost can be selected without burdemng the
study with how the outpost got to that level of activity.

Although the differential effects of LLOX production are
accurately modelled, the absolute impacts are less pre-
cise because the costs of the outpost buildup to the steady
state are not tracked via detailed modelling, but they

are calculated directly from the costs of the materials at

the steady-state outpost and their transportation costs.

After evaluating the advantages and disadvantages of
these two approaches, the second was chosen because
the significant savings in study time it offers outweighs
any slight imprecisions in the final results. Addition-
ally, three levels of steady-state outpost activity were
chosen to bracket the problem and reflect a reasonable

spectrum similar in scope to that considered by the Of-
fice of Exploration in lunar-related case study analyses.
These three levels are represented by outpost crew sizes
of 4, 12, and 36. The assumptions relating to each level
are described in section 6.6.2.2.

6.6.2.1 Measures of "Leverage"

In this study, leverage means any enhancement of the
lunar outpost program by the utilization of lunar-pro-
duced oxygen. Th|s enhancement may be measured
directly, by a number of tangible quantities, or indirectly,

by a number of intangible quantities.

Any enhancement of a lunar outpost by the utilization
of LLOX can be numerically measured by a number of
different, but not necessarily independent, parameters;
these are considered the tangible quantities. For ex-
ample, mass delivered to LEO and the lunar surface is a
direct measure of the effectiveness of a lunar outpost
scenario, and it can be used as a measure of the leverage

LLOX has on the program. If the mass through LEO is
held constant as a result of Earth-to-LEO launch limita-

tions or program cost limitations, then the ratio ((mass
to the surface)/(mass to LEO)) would increase if LLOX

has a positive effect. The outpost could grow even if the
mass through LEO stayed constant. Alternatively, if the
level of activity were held constant, LLOX leverage
would mean that less mass would have to be launched
from Earth to maintain that level.

The cost of the lunar outpost program is also a direct

measure of the leverage of LLOX. If LLOX has a posi-
tive effect, the cost of the program would decrease. At a
constant annual investment, LLOX leverage would re-
sult in expanded growth of the outpost's capabilities.
Alternatively, if the level of activity were held constant,
a LLOX leverage would mean that the cost of maintain-
ing that level would decrease.

As the LLOX facility is established on the Moon, the lunar
and cislunar infrastructure will change. The addition of
LLOX plants, mining and beneficiation equipment, elec-
trical power plants, and other associated overhead will
increase the infrastructure of the lunar outpost. These
increases may be offset by decreases in the infrastruc-
ture needed to support the transportation system. As
LLOX is used in the landers and perhaps in the space
transfer vehicles, fewer transfer vehicle flights may be

needed to bring the same payload to the lunar surface.
These lower flight rates would decrease both the size of
the vehicle servicing facilities at the LEO node and the
number of transfer vehicles required to support the

outpost. Also, since LLOX can be used in the life sup-
port systems, the ECLSS could be designed to rely more
on LLOX to achieve closure of the air and water loops,

instead of relying totally on physical/chemical systems.
Thus, the net change in the lunar outpost/cislunar in-
frastructure will also indicate the degree of leverage that
LLOX has on the system.

Another tangible measure is the required level of crew
involvement. As the LLOX facility is established, the
personnel requirements at the outpost and at the LEO
node will change. The addition of the LLOX plants,
mining and beneficiation equipment, and electrical
power plants may increase the need for crew members
at the outpost. These increases may be offset by de-
creases in the need for crew to support the transporta-
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tion system. Also, since LLOX is used in the life-sup-
pert systems, the crew support of the ECLSS may de-
crease. The net change in the lunar outpost/cislunar
crew requirements will also indicate the degree of lev-
erage that LLOX has on the system.

Because LLOX is used in the transportation and life
support systems, the payloads delivered to LEO and the
lunar surface may consist of more hardware (scientific,

resource utilization, and crew support equipment), and
less oxygen propellant and life-support oxygen and
water (89 percent oxygen). The mass ratio (hardware/
propellant) will increase if LLOX makes the transporta-
tion and life support systems more efficient.

In addition, the degree of enhancement of the lunar

outpost by the utilization of LLOX can be evaluated by
a number of different, non-numerical quantities; these
are termed the intangible quantities. For example, if
LLOX production can cover all life support oxygen re-
quirements and can provide the lunar and cislunar trans-
portation system with oxygen propellant, the outpost
may become more self-sufficient and more independ-
ent of Earth-derived support. The self-sufficiency would
be a direct result of not needing terrestrial oxygen for
propellant and life support. Indirectly, self-sufficiency
would result from the growth of the outpost and the
expanded presence of humans on the Moon, as discussed
in the following paragraphs.

Outpost synergism is another intangible measure of
leverage. Development of a LLOX facility requires the
emplacement of a number of support elements, such as

electrical power supplies, regolith mining and sorting
equipment, and transportation equipment. Once this

equipment is available, it can be used to expand the
outpost by supporting additional resource utilization
activities, such as making cast and/or sintered basalt for

construction, obtaining volatiles (e.g., I-I.e N 2and helium-
3) by vacuum pyrolysis of the lunar fines, etc. In addi-
tion, the production of LLOX yields one or more metals

(mainly Si, Mg, Fe, Ca, Al and Ti) as by-products, de-
pending on the production process. These metals can
be refined and used to make additional construction ele-

ments for use at the outpost and for export. Finally, the
LLOX may expand the outpost's capability to support
science activities. For example, the exploration of the
Moon can be extended to the global scale by providing
LLOX propellants for manned ballistic research vehicles
and LLOX for the life support systems of the long-dis-
tance surface rovers.

The effect on the outpost's growth potential is also a
significant criterion. If LLOX reduces the operational
costs of the outpost and/or increases its capabilities, its
growth potential will be enhanced. An expanded capa-
bility to bring more mass and/or higher quality mass to

the lunar surface would allow additional scientific equip-
ment to be brought to the Moon (e.g., life sciences labo-
ratories, ballistic research vehicles, and astronomical
telescopes). The resource utilization facilities could be
expanded to start making construction elements from
lunar materials to build habitation and laboratory facili-
ties. These and similar capabilities may allow off-out-
post, man-tended facilities to be established in areas of
high scientific interest (e.g., an exploration site in Mare
Orientale or a farside astronomical facility).

Human presence on the Moon and in cislunar space may
be increased if LLOX reduces the operational costs of a
lunar outpost and/or increases the capabilities of the
outpost. Additional personnel may be required to op-
erate and maintain the LLOX facilities, the mining equip-
ment, and any related lunar resource utilization facili-
ties. Using lunar oxygen in the transportation system
may require additional personnel to maintain the trans-
portation vehicles and prepare and fuel them for launch.
These and similar activities not only would increase the
number of humans in space and on the Moon, but also
would expand the areas in which experience in work-
ing in space and on the Moon is gained.

6.6.2.2 Study Assumptions

Several assumptions were made in the course of the
study to simplify the analysis or because of the lack of
maturity of the available data. These assumptions were
made in two areas: engineering and cost.

The engineering assumptions made include:

a. Only chemical propulsion for transportation systems

b. Lunar transfer vehicle used for LEO to LLO (300-km

circular orbit) transport

c, Lunar excursion vehicle used for LLO to lunar sur-

face transport

d. All engines use LOX/LI-_ propulsion with Isp=482
sec and O/F=5.5

e. All vehicles fully reusable

f. Transfer vehicles fueled and serviced in LEO at Space
Station Freedom

g. Excursion vehicles serviced on the lunar surface and
fueled in LLO

h. In scenarios using LLOX, excursion vehicle is filled
with LLOX on the lunar surface and with terrestrial

hydrogen in LLO

No LLOX used in transfer vehicles

Excursion vehicles sized to deliver 20 t of payload to
the lunar surface (when operating in the cargo mode)
consistent with the excursion vehicle in the Lunar

i.

j.
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Evolution case study

k. No LLO facility.

The cost assumptions include:

a. Development and production cost estimated using
NASA JSC's Advanced Mission Cost Model (see sec-
tion 6.6.2.3)

b. ETO transportation costs use Shuttle-C capability of
71 t of cargo to LEO for a fixed amount per flight,
independent of flight rate

c. High value for ETO transportation cost is three times
baseline

d. Low value for ETO transportation cost is one-third of
baseline

To evaluate the sensitivity of the modelling results to
the steady state level of activity, the generic baseline sce-
nario was evaluated at three different activity levels.
Each of these activity levels, which are discussed below,
is represented by different crew sizes and outpost capa-
bilities.

1. Four-person outpost: The level of activity of the four-
person outpost defines the minimum considered for
purposes of the study. The life support system closure
is equivalent to that of Space Station Freedom; i.e., 90
percent closure of water and oxygen using physical-

chemical systems. Lunar resource utilization experi-
ments and production are limited to those related to
LLOX. Global lunar science and prospecting are lim-
ited to one ballistic mission per year to a remote site for
a three-person crew for a 2-week period. Lunar science
support equipment (sample collection and analysis
equipment, portable geophysical equipment, etc.) is
considered to be in steady state with resupply only being
brought to the outpost. The astronomical equipment is
increased by one additional telescope every 3 years. Life
sciences research equipment is considered to be in steady
state with resupply only being brought to the outpost.
The outpost requires one piloted and one cargo lunar
excursion vehicle flight per year to deliver the required
payload to the lunar surface.

2. 12-person outpost: The level of activity of the 12-

person outpost defines the median for the purposes of

the study. The life support system uses advanced physi-
cal-chemical and bioregenerative systems, including the

utilization of food growth chambers to provide part of
the vegetable foods for the crew. Lunar resources utili-

zation experiments and production include those related
to LLOX and simple regolith processing like sintering

and casting basalt construction elements and volatile
extraction. Global lunar science and prospecting are

carried out by three ballistic missions per year to remote

sites for three-person crews for 2-week periods. Lunar
science support equipment increases at a modest rate
each year. The astronomical equipment is increased by
one additional telescope every second year. Life sciences
research equipment is increased at a modest rate each

year.

3. 36-persun outpost: The level of activity of the 36-
person outpost defines the maximum for the purposes
of the study. The life support system is nearly closed,
food growth chambers provide all vegetable foods for
the crew, and experimental meat production is under-
way. Lunar resources utilization production includes
LLOX, simple regolith processing (sintering and casting
basalt construction elements) and volatile extraction and

complex processing (metals separation and refining to
make construction elements). Global lunar science and

prospecting are carried out by three ballistic missions
per year to remote sites for three-person crews for 2-week
periods, and by a long-distance, long-duration rover
mission once every 3 years. The latter requires ballistic
vehicle resupply and crew rotation support flights ev-
ery 2 months. Lunar science support equipment in-
creases at a modest rate each year. The astronomical
equipment is increased by one additional telescope every
year. Life sciences research equipment increases at a
modest rate each year. ..........

6.6.2.3 Engineering and Cost Model

The computer model used in the study employs a series
of interrelated spreadsheets in which the mass, power
usage, manpower requirements, cost, etc., of each ele-
ment used on the lunar surface or as part of the trans-
portation system are contained (see figure 6.6.2-1). The
payload capacity, propellant usage, specific impulse
(Isp), oxidizer-to-fuel ratio (O/F), and other perform-
ance characteristics of the transportation vehicles are also
listed, as are the LLOX production parameters for ge-
neric processes. Similar data are available in the spread-
sheet for different support systems and all other perti-
nent systems.

Once the lunar outpost elements chosen for the run are
identified, the model calculates all the parameters (mass
delivered to the lunar surface, oxygen usage, power
usage, etc.) needed to define the support requirements
(number of power and LLOX plants, number of space
transfer vehicle and lander flights, etc.) of the crew and
the initial elements. The model then adds these support
elements to the initial list of elements and iteratively
converges on the final results.

Total outpost program costs were determined by com-
puting the development and production costs for each
element included in both the LLOX and non-LLOX sce-

narios and adding these totals to the transportation costs
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Figure 6.6.2-1.- Engineering model

involved in delivering these elements to the lunar sur-
face. Using the masses of each of the elements and the
transfer and excursion vehicle transportation system, the
total transportation requirements through LEO were
calculated in the model. With the Shuttle-C as the

baseline Earth-to-orbit system for delivering cargo to
LEO, transportation costs for each scenario were deter-
mined by calculating the required number of Shuttle-C
launches. No costs were included for operations.

The modelling is performed by running the baseline
scenario initially without and then with LLOX. In order
to allow accurate comparisons between the LLOX and
non-LLOX runs, adjustments have to be made to account
for differences in the ways certain outpost objectives are
achieved. For example, a ballistic research vehicle is used
in the baseline scenarios to transfer lunar science crews

from the outpost to (.;xploration sites over the lunar globe.

In order to keep the scenarios equivalent and realistic,
these flights are run from low-polar lunar orbit in the
non-LLOX baseline rather than from the outpost. Aside
from such equivalency adjustments, the only parame-
ters varied in the baseline are those directly related to
the production of oxygen.

6.6.3 Study Results

This section summarizes the results obtained during this
year's study. Included is a description of the LLOX plant
sizing and support requirements. The trade study be-
gan by focusing on the activity level represented by a
steady-state, four-person lunar outpost. This narrowed
the scope of the parameters used as inputs to the Engi-
neering and Cost Model. For example, multi-megawatt-
class nuclear power is improbable for such a small out-
post, as are large inflatable or lunar-derived habitats. By
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performing the trades first on the four-person outpost,
if a reasonable return on investment were found, the

need to continue the study for higher activity levels
would be eliminated.

6.6.3.1 LLOX Production Plant Sizing and Support

Requirements

The lunar propellant leveraging trade study was per-
formed parametrically. The parametric values of each
of the critical parameters used in the study are discussed
below.

Earlier trade studies have shown that the LLOX propel-

lant requirements of a lunar outpost are generally satis-
fied by one or more unit plants, each of which has a
production capacity of about loo t/yr. This result is used
as a baseline for this study. However, in order to ac-
commodate yearly LLOX requirements that are not in-
teger multiples of the baseline 100 t/yr production rate
without introducing over-production errors into the
analyses, the number of production plants, power units,
etc., used is allowed to vary continuously rather than

incrementally. For example, if the LLOX utilization re-
quirements are 230 t/yr, the model will use 2.3 plants to
produce this LLOX, rather than three plants with a 70 t/
yr over-production. Clearly, a single plant could be

designed to produce 230 t/yr, rather than transporting
three separate 100 t/yr plants to the Moon.

The variations and uncertainties of the LLOX produc-

t-ion processes are taken into account in the study by con-
sidering three generic LLOX plants and support equip-
ment (diggers, conveyors, etc.). Each plant is designed

for 100 t LLOX annual output. The requirements associ-
ated with each of these plants are summarized in table
6.6.3-I.

The power plants required to support the LLOX facili-
ties (and the other outpost facilities) are adjusted con-

tinuously to meet the requirements of each of the sce-
narios studied. The power units considered in the study

are treated parametrically in five classes of increasing
efficiency and are summarized in table 6.6.3-II. The par-
ticular power plant used in the analysis depends upon
the level of demand.

The operational crew support needed to run the facili-
ties on the Moon is estimated to be 0.3, 1, and 3 crew per

100 t of LLOX produced per year. The lower bound rep-
resents an Earth-operated plant with lunar-crew main-

tenance; the upper bound represents a facility operated
by lunar outpost crew only.

Three classes of crew habitation facilities are considered

in the study. The first class is based on Space Station
Freedom-derived modules, airlocks, and nodes, with a

mass of 6.8 t per person. The second class of facility is
based on inflatable structures, which have a mass of 4 t

per person. The third class is based on facilities derived
from lunar resources, with a mass of 2.5 t per person.
This mass is simply the mass of the Earth-derived equip-

ment needed to outfit the facility, the shell of which is
made from lunar-derived materials. Volume VI of this

Exploration Studies Technical Report contains the results
of trade studies to define the parameters described
above.

TABLE 6.6.3-I.- GENERIC LLOX PRODUCTION PLANT STUDY PARAMETER VALUES

Parameter
T_

Emplacement mass (t)
Electrical power requirements (kW)
Reactant resupply (t/yr)
Spare parts mass (% of plant mass)
Crew support man-years/plant

Low value

10
300
0.1
3

0.3

Median value

25
750
0.5
10
1.0

High value

65

1,800
3

30
3.0

TABLE 6.6.3-II.- CLASSES OF POWER

1 2 3

Power rating (kg/kW)

Type

4OO 50

S_P-loo class

33

PV

Based on NASA-Lewis Research Center 825 kW nuclear reactor concept

;YSTEMS

4* 5

25

nuclear reactor

with Stirling
engines

10

advanced mulfi-

megawatt
nuclear rea ctor
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6.6.3.2IntegratedResults

Theresultspresentedherearebasedonthelevelofac-
tivity for thefour-personlunaroutpost.SP-100class
nuclearpoweristosupplyallpower needs on the lunar
surface. Space Station Freedom-derived habitation
modules are used for crew support, and air and water
loops for life support are 90 percent closed.

Figure 6.6.3-1 presents the overall results of the cost
analysis using the reference cost estimates. The three
curves for LLOX production illustrate the bounds of the
parametric problem. The "No LLOX" case uses the
median values for all the study parameters. The "LLOX
Low" case represents the result of using the lower
bounds for all the engineering parameters (i.e., LLOX
plant mass, LLOX power demands, reactant resupply,
LLOX plant spares, and LLOX plant crew support). The
median and high cases represent the associated median
and high values being used for the study parameters.
As figure 6.6.3-1 illustrates, a return on investment oc-
curs with a four-person lunar outpost level of activity in
all but the worst case. In fact, a return on investment is
achieved after only 4 to 9 years in the low and median
cases. Further, the reduction in total program costs af-

ter a 20-year period could be as high as 15 to 25 percent.
Figure 6.6.3-2 presents the same data using mass to LEO
as the scale for "return on investment" (mass payback).

Section 6, Options, Alternatives, and Trades

Figure 6.6.3-3 shows individual sensitivities to variations
in the major LLOX production parameters represented
by the number of years to a positive return on the in-
vestment in LLOX production. It is interesting to note
that the number of years to payback of overall costs is
almost twice the number of years to payback of overall
mass to LEO. Previous studies have used mass to LEO

as the only discriminator of the potential for LLOX utili-
zation; however, this only holds if transportation costs
dominate total program costs. The results shown in
figure 6.6.3-2 show costs other than transportation to
contribute significantly to total program costs. No rea-
sonable time to payback was achieved using high pa-
rameter values for either overall costs or overall mass to

LEO. Also shown in figure 6.6.3-3 are the sensitivities
of parameter values for the LLOX plant size, the sup-
porting power system, reactant resupply, plant spares,
and crew support. Each of the systems was analyzed
holding all other parameters to their median values. A
discussion of parameter value effects on the time to a
positive return on investment follows.

1. LLOX plant size: The time to payback shows only a
mild sensitivity to the LLOX plant size. The LLOX plant
size was estimated at 10, 25, and 65 metric tons for the

low, median, and high values respectively.

2. Power system support: The most sensitive system to

if"

e.fl f

2 4 6 8 10 12

Years after initial outpost emplacement
Legend

--, NoLLOX -- LLOX- low -- LLOX-median

0 14 16 18

.... LLOX-h_h J

J

Figure 6.6.3-1.- Lunar propellant leveraging trade study overall sensitivity results: cost.
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Figure 6.6.3-3.- Time to positive return on investment showing individual
sensitivities to variation in major LLOX production parameters.
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parametervalueestimatesseemsto bethesupporting
power system, which shows anywhere between 7 and

13 years to payback depending on the representative pa-
rameter values. Electrical power requirements for the
study were estimated at 300, 750, and 1,800 kW for the
low, median, and high values respectively. Only elec-
trical power was used; no thermal power from the SP-
100 was used in LLOX production.

3. Reactant resupply: Time to payback does not show
sensitivity to variations in reactant resupply parameters.
For LLOX production via hydrogen reduction of il-
menite, almost all the reactant is estimated to be recov-

erable, and resupply is minimal relative to other sup-
port requirements. For this study, reactant resupply was
estimated at 0.1, 0.5, and 3 t per year per plant for the
low, median, and high values respectively.

4. Plant spares: Time to payback shows a mild sensitiv-
ity to requirements for plant spares. Spare part mass in
this study was estimated to be 3, 10, and 30 percent of
total LLOX plant mass for the low, median, and high
values respectively.

5. Crew support: Time to payback shows a strong sen-

Section 6, Options, Alternatives, and Trades

sitivity to the need for crew support of the LLOX plant
ranging from about 7 to 12 years. This is due to the high
costs associated with crew support on the lunar surface.
For the low parameter value, the plant is operated from
Earth and shows a relatively quick time to payback. As
plant support becomes lunar-based, crew life support
requirements contribute significantly to program costs.

Figure 6.6.3-4 presents the results of holding the engi-
neering parameters to their median values, but varying
the transportation and development/production costs
in order to account for uncertainties in the cost estimates.

Note that in all cases, a return on investment was still
achieved. However, the results indicate that if Earth-to-

orbit transportation costs are high relative to the devel-
opment/production costs of the LLOX hardware, LLOX
has a very high leveraging effect. If the LLOX hardware
development/production costs dominate the ETO trans-
portation costs, then the positive impact of LLOX on the
outpost is reduced, but not eliminated.

The main result of the study to date is that the utiliza-
tion of LLOX in the life support system, for lunar sci-
ence missions, and for the lunar surface to LLO leg of

the transportation system of a minimum outpost with a

2O
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E
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0
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Figure 6.6.3-4.- Time to positive return on investment holding engineering parameters to median values

showing sensitivity to cost estimates.
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crew as small as four results in significant savings after
a time period characteristically less than 10 years. Only
in the extreme case, where all the input parameters are
at their maximum values, does LLOX show a negative
impact on the base costs.

Many simplifying assumptions were made during the
course of the study; these must be assessed in future
analysis. In particular, no operations costs were ac-
counted for in the cost model analysis. Differences in
operations costs between the LLOX and non-LLOX out-
posts _6uld apparently fall in three areas: (1) ETO trans-
portation operations costs, (2) transfer vehicle operations
costs, and (3) LLOX production plant operations costs.
The first two operations costs would probably be lower
for the LLOX versus non-LLOX case and, therefore, not

including the costs is a conservative assumption. The
operations costs associated with the LLOX production
plant will obviously be greater for the LLOX-supported
outpost. However, analysis performed during thecourse
of this study (see section 4.5 of Volume VI) indicates that
the plants would be virtually autonomous, requiring
minimal Earth teleoperation support and outpost crew
support for plant maintenance only. Thus, neglecting
these costs in the analysis should not have a dramatic
impact on the results.

The greatest area of uncertainty in the results is due to
the poor definition of the LLOX production processes
and equipment. In particular, the size, complexity, and
support requirements must be examined in greater de-
tail. Additionally, the costing analysis done for the LLOX
production plants and support equipment reflects an
aerospace/NASA bias for man-rated systems. Terres-
trial mining costing experience indicates equipment may
be as much as one to two orders of magnitude less ex-
pensive than the cost estimates used in this study. If
this is the case, the potential for a return on investment
would increase substantially.

Finally, in situ resource utilization must be more com-

pletely integrated in the outpost development in future
analysis. Producing LLOX creates many potentially
useful by-products that can significantly alter outpost
development and logistical resupply strategies.

6.7 LAUNCH/ON-ORBIT PROCESSING

6.7.1 Objectives

The objectives of this controlled trade study were to
analyze the trades associated with launching, assem-
bling, and servicing a space transfer vehicle (STV) and
to derive an effective blend of ETO launch capability,
STV design, and ground and space processing capabili-
ties to support a given set of mission requirements.
Inherent in this objective is the need to identify the tasks

to be performed, both in orbit and on the ground, to sup-

port STV assembly, checkout, and servicing, and to es-
tablish requirements for supporting launches from Earth
to LEO. Once tasks have been identified, trade studies

may be completed to identify the optimum division be-
tween tasks to be accomplished on the ground and those
to be completed on-orbit.

6.7.2 Approach

Descriptions of five key elements are necessary for the

analysis process: (1) mission requirements, (2) space
transfer vehicles, (3) ETO launch vehicles, (4) on-orbit

operations, and (5) ground operations. Each of these
elements must be evaluated in relation to the others. The

study flow, as discussed in the following paragraphs, is
illustrated in figure 6.7.2-1.

Given the mission requirements (OEXP case studies) and
STV concepts, a mission model was created that repre-
sents the total delivery requirements (hardware and
propellants) to support the stated mission. Payloads in
this model were then manifested, defining the items de-
livered to LEO on each launch. The manifest was driven

by the type of launch vehicle used, since the different
capabilities of launch vehicles result in different con-
straints on the number, weight, and volume of the items
that can be delivered simultaneously.

Once the preliminary manifest was identified, the on-
orbit facilities required to support this scenario were also
identified. The number of additional launches required
to provide the facilities were determined and then in-
corporated into the manifest. The effect is to increase

the LEO delivery requirements to include not only the
STVs andpayioads required for the mission, but also

the facilities required to support them in LEO. On-orbit
facility requirements are driven by the number and type
of elements that must be processed in orbit; these ele-
ments, in turn, depend on the manifesting constraints
(i.e., launch vehicle capability) that impact the extent to
which they can be assembled on the ground.

With the total delivery requirements identified, a final
manifesting for each case could be established. At this
point, the ground and on-orbit operations requirements

could be assessed and the manpower/cost requirements
could be defined. This procedure was iterated on to find
a solution that effectively divides the required ground
and on-orbit operations.

Ground operations requirements are derived from the
ETO vehicle type and the total yearly launch-rate require-
ments; the driver is the maximum launch rate predicted
over the life of the program. The ground facilities must
be sized for this capacity, which determines the non-
recurring investment. The recurring costs are generated
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as a function of the yearly launch rate.

After each ETO delivery concept was fully defined, each
combination of options was evaluated against its corre-
sponding mission model to generate funding profiles
that can be used to compare the various options. In
addition, data were generated for the following para-
meters:

a. STV dry mass to LEO

b. Propellant mass to LEO

c. Facility mass to LEO

d. Total mass to LEO

e. Number of crew required in LEO

Section 6, Options. Alternatives, and Trades

f. EVA requirements

g. Crew on-orbit duration

h. Number of ETO launches

i. Ground facility requirements

j. Ground crew requirements

The options considered for each element of the trade
space are shown in table 6.7.2-I, and discussed in the
individual sections below.

6.7_ Results

Results included in this section are based on the lunar

and Mars surface element manifests developed to meet

Task

1. Select study options

2. ETO vehicle options

3. STV characteristics

4. Preliminary ETO manifest

5. Ground processing tasks
and requirements

6. Space processing tasks
and requirements

7. Update ETO manifest

8. Systems analysis
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Figure 6.7.2-1.- Launch/on-orbit processing study flow.

TABLE 6.7.2-I.- EXAMPLE TRADE SPACE

Space transfer
vehicle

Lunar STVs

Mars high L/D

Mars low LID

NTR

NEP

ETO

Shuttle

Shuttle-C

Shuttle-Z

HLLV

ALS

Ground

operations

Process aU up

Component
processing

Subsystem
processing

Space operations STV mission

Minor operations

Major component
assembly

Subsystem assembly

Lunar
Evolution

Mars
Evolution

Mars

Expedition
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the mission requirements of the OEXP case studies. To-
tal ETO delivery requirements were established by
adding the propellant delivery requirements, derived
from the STV definition studies, to the elements included

in these manifests. All space transfer vehicle definitions
are summarized in section 3 of this document. Addi-
tional details can be found in Volume II of this technical

report.

Several ETO launch vehicles were considered as poten
tial candidates. However, the cargo delivery analysis
was limited to the three vehicles shown in figure 6.7.3-1:
(1) Shuttle-C, (2) Shuttle-Z, and (3) a new design HLLV.

The Space Shuttle, also shown in the figure, was assumed
to perform all crew deliveries. When it was found that
the driving element in all case studies was propellant
delivery (on the order of 70 to 80 percent of total launch
stack mass), an alternative, potentially low-cost vehicle
for propellant delivery was investigated (figure 6.7.3-2).
In all cases analyzed, the most conservative version (low-
est performance, highest dry weight, etc.) of the propel-
lant tanker was used, and performance capabilities were
based on current Shuttle constraints. In actuality, this

vehicle should not be bound by the same constraints,
and the resulting performance improvement is yet to be
determined.

The following paragraphs summarize the consiciera_Ofi-s I
for selection of launch vehicles considered for manifest-

ing respective payloads in each case study. The results
described here are based on early case study develop-
ment and do not reflect the final integrated mission re-
sults described in section 3.

Lunar E_;olution _las_ M_ior_. The annual launch rates

required to deliver the Lunar Evolution LEO facility,
vehicles, payloads, and propellants to orbit utilizing the
Shuttle-C and HLLV are shown in figures 6.7.3-3a and
6.7.3-4a. As can be seen, propellant is the major compo-
nent of total mass delivered to LEO. Figures 6.7.3-3b
and 6.7.3-4b show the same cases, but using a tanker to

deliver propellant to LEO.

Without the propellant tanker, the Shuttle-C flight rate
may be too high for mixed fleet operations. With the
tanker, however, the Shuttle-C flight rate appears rea-
sonable. The propellant tanker flight rate appears
slightly high, but these rates are based on a conserva-
tive vehicle performance analysis and should go down
as more accurate analyses are performed.

The requirements of this case study, when considered
alone, do not appear to suppo__the need for a new HLLV,
due to the low number of flights for which it would be

required. Assuming its only application is the Lunar
Evolution case study, the HLLV/propellant tanker
combination is also unattractive, since it further reduces

the already marginal need for an HLLV.

Mars Evolution Class Mission. The number of ETO flights

required to deliver the Mars Evolution LEO facilities,
vehicles, payload, and propellant to orbit utilizing the
HLLV and the Shuttle-Z are shown in figures 6.7.3-5a
and 6.7.3-6a. These figures show only the number of
flights required for each Mars launch opportunity, and
do not show the actual annual flight rates. The Shuttle-
C, due to its relatively limited lift capability as compared
to the other launch vehicles, was not considered a vi-

able alternative. Again, propellant is the major compo-
nent of total mass delivered to LEO.

To illustrate the differences in launch vehicle sizing and

capabilities, figures 6.7.3-5b and 6.7.3-6b show the effect
of accomplishing the same missions with the HLLV and
with the Shuttle-Z launch vehicles, with the addition of

a tanker to deliver propellant to LEO.

In the cases with no propellant tanker, the HLLV flight
rate appears reasonable. In fact, the launch rate shown
is probably close to the rate required to justify develop-
ment of a vehicle with these capabilities. The Shuttle-Z
launch rate appears high, since it must share processing
facilities with the Space Shuttle, and high launch rates
would preclude this.

In the cases utilizing the propellant tanker, the HLLV
use is reduced to a point where development probably
would not be justified unless additional missions are
identified, or multiple manifesting of payloads becomes
feasible. If Shuttle-Z with the tanker is the preferred
launch vehicle, the launch rate is in a range amenable to
mixed fleet operations with the Shuttle. However, the

propellant tanker flight rate requirements are very high
in both cases.

Mar_ Expedition _Ias_ Mi_ion. The number of ETO flights
required to deliver the Mars Expedition vehicles, pro-
pellant, and payloads to orbit utilizing the HLLV and
the Shuttle-Z are shown in figure 6.7.3-7. These figures
show only the number of flights required for each Mars
launch opportunity, and do not show the actual annual
flight rates. Shuttle-C, as currently configured, is not
considered a viable alternative. Performance limitations

compared to other candidates would result in unrealis-
tically high flight rates (roughly twice the number of
HLLV launches). Note again that propellant delivery is
the driver for this case study.

The Mars Expedition is the most demanding of the three
case studies in terms of launch mass and rate. Although

the launch rates, assuming the heavy-lift capability
vehicle, are reasonable when compared to today's
planned rate capability, the interval over which they are
utilized is very short. Development of a new large launch
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_---- Manned----]_

Shuttle
Current

17.7 t at 104%

Shuttle-C
1994

68.0 t at 100%

UnmanneC

Shuttle-Z

2000

87.5 t

!

New

Exploration HLLV

2000

156.9 t

Figure 6.7.3-1.- ETO launch vehicle options.

Operational concept:

• Utilize existing Shuttle components.

• Vehicle launches no "payload," but
external tank is orbited.

Tanker performance (t)

xrn,Ez.tg.LEe,Li,  k

SSME - 100%
SSME- 104%
SSME - 109%

Stretched

external tank

SSME - 100%
SSME - 104%
SSME - 109%

RSRM

74.0
75.1
76.2

78.6
81.6
85.3

ASRM

79.5
80.6
81.7

84.0

87.1
90.7

LRB

88.0
89.0
89.8

93.0
95.9
99.7

Figure 6.7.3-2.- Shuttle-derived propellant tanker concept.
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Figure 6.7.3-3a.- Lunar Evolution class mission launch rate

requirements for Shuffle-C.
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Figure 6.7.3-3b.- Lunar Evolution class mission launch rate

requirements for Shuttle-C with propellant
on tanker.
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Figure 6.7.3-4a.- Lunar Evolution class mission launch rate

requirements for HLLV.
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Figure 6.7.3-5a.- Mars Evolution class mission launch requirements

for HLLV.
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Figure 6.7.3-5b.- Mars Evolution class mission launch requirements

for HLLV with propellant on tanker.
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for Shuttle-Z.
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Figure 6.7.3-7.- Mars Expedition class mission ETO requirements.

vehicle or one derived from existing hardware that
would be utilized only to accomplish a small number of
launches (as would be the case unless future explora-
tion missions are identified), would probably not be
economically desirable since this represents a very large
investment that has a limited application.

On-Orbit Overations. In the absence of an available on-
orbit operations analysis tool or cost estimating capa-
bilities, this study was directed to the identification and
definition of other costs. This includes a full assessment

of the ground-based facilities and activities. When the
on-orbit space operations costs become available, a cost-
effective mix of ground and on-orbit activities can be
determined.

Table 6.7.3-I shows facility additions to the baseline Space
Station Freedom required to support the lunar and Mars

case study scenarios. On-orbit facilities are not required
for the Mars Expedition-class mission. No on-orbit

propellant storage has been included and no logistics
requirements have been included in the manifests. The
analysis of Space Station Freedom requirements has been
documented in Volume IV of this report, and these ele-
ments have been incorporated into the ETO manifest.

Operations is the most difficult element of the study to
analyze because of the lack of experience in accomplish-
ing the types of space operations required to perform
the case study missions in a low-gravity environment.
Consequently, computational tools to analyze on-orbit
operational requirements (manpower analysis) are still
being developed and should be available in early 1990.

Ground Overations. Facility requirements to support the
three launch vehicle concepts are shown in table 6.7.3-
II. Facilities have been sized to satisfy the most demand-
ing launch rate requirements of the three case studies.
Timeline analyses, as illustrated in figures 6.7.3-8 and
6.7.3-9, show the projected processing requirements for
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TABLE 6.7.3-I.- SPACE STATION FREEDOM REQUIREMENTS
TO SUPPORT EXPLORATION MISSIONS

iiiiiiii!iiiiijiiiiiill!Jijiiiii!!!iiliiiiiiiiiiiiiiiiiliiiii iilii!
Habitat 2

WA servicing laboratory 1
Resource node 6

Cupola 4

Logistics module 1

Truss bays 175

Utility trays 111

Solar dynamic units 4

Servicing facility 1

Airlock 1

Mobile servicing center 1

Attached payload accommodation 4

equipment

Lunar STV processing facility N/A

STV orbital support equipment N/A
Thermal radiators 2

Docking mast 1

Life sciences laboratory module

CELSS pocket laboratory

Artificial-g pocket laboratory __ .

Mars
Evolution

1

1

m

64

64

4

1

4

m

2

1

1

1

1

1

TABLE 6.7.3-II.- FACILITY REQUIREMENTS SUMMARY

Mixed

fleet

ca
?tudy

Ltlr_F

Evolution

classmission

Mars

Evolution
class mission

Mars

Expedition
classmission

Shuttle

+
Shuttle-C

1 Pad (Shuttle type)
2 MLPs

1 VAB integration bay
1 RPSF
1 CEPF

1 ET HPF (6 cells)

1 Pad (Shuttle type)
4 MLPs

2 VAB integration bays
1 RPSF
2 CEPFs
1 ET HPF (8 cells)

1 Pad (Shuttle type)
3 MLPs

2 VAB integration bays
1 RPSF
1 CEPF

1 ET HPF (8 cells)

Shuttle

+
Shuttle-Z

1 Pad (Shuttle type)
1 MLP

1 VAB integration bay
1 RPSF
1 CEPF

1 ET HPF (6 cells)

1 Pad (Shuttle type)
2 MLPs

1 VAB integration bay
1 RPSF
2 CEPFs

1 ET HPF (6 cells)

1 Pad (Shuttle type)
2 MLPs

1 VAB integration bay
1 RPSF
2 CEPFs
1 ET HPF (6 cells)

Shuttle
+

HLLV

2 Pads (ALS type)
2 MLPs

1 VIB integration bay
1 CAB

1 LRB HPF (8 cells)
I LCC

2 Pads (ALS type)
2 MLPs

2 VIB integration bays
1 CAB
1 LRB HPF (8 cells)
1 LCC

2 Pads (ALS type)
2 MLPs

2 VIB integration bays i
1 CAB

1 LRB HPF (8 cells)
1 LCC
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CEPF
(new) I 40
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(new)

VAB operations

r

ET
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ET mate /
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11

SCE-C stand-alone processing

Move to VAB
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Vehicle integrated oI s

LI._ Move to pad
18-28

i-_._ _4 Processingdays
"'¢--- (3 shifts/day)

Legend

Processingdays
_'_ (2 shifts/day) AssumeASRB ops I

J

_Launch

Figure 6.7.3-8.- Shuttle-C/Shuttle-Z processing timeline.
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Figure 6.7.3-9.- HLLV processing timeline.
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the three vehicles considered. Facility requirements for
the propellant tanker concept have not yet been identi-
fied.

Facilities for new launch vehicles were based on the

assumption that advanced technologies such as auto-
mated test and checkout would be in place. This assump-
tion includes all lessons learned from the Shuttle and

also includes concepts to minimize vehicle processing
critical paths. The Shuttle-derived vehicles were as-
sumed to have improved technologies that include the

modifications without adversely impacting ongoing
operations.

The ETO facility buildup schedule to meet the require-
ments of the case studies is shown in figures 6.7.3-10,

Section 6, Options, Alternatives, and Trades

6.7.3-11, and 6.7.3-12. The projected relative costs for

building these facilities required to support the launch

vehicle concepts are shown in figures 6.7.3-13, 6.7.3-14,

and 6.7.3-15. STV ground processing facilities are treated

separately, and the requirements for these facilities are
shown in table 6.7.3-III. For further definition of these

facilities, see section 4.1 of this volume.

None of the candidate launch vehicles can be accommo-

dated without significant launch site design, develop-
ment, test, and evaluation costs. The Shuttle-derived

vehicle facilities will have limited growth potential. In

addition, the Mars Expedition case study imposes the

greatest launch site schedule risk with no schedule flexi-

bility available.

Program

Activation

Transition

Operations

ETO transition
fligh!rates

ILC IOC

Shuttla-C _, _ 3 launches/year ,,_

reference

ILC tOC

ATP
Phase

2005 2006

1st LEO
launch

I J C of F budget cycle

L.... J 1st line facilities

2ncl line facilities

I I( HLLV/shUttle-z
only)

Right test _
articles available

Pathfinder
(HLLV/ShutOe-Z only) _

OMD/training L
CERTS/software

Staffing I

/
/ Sustained

operations

L_

HLLV/Shuttle-Z

Figure 6.7.3-10.- Lunar Evolution class mission launch site plan.
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Program

Activation

Transition

Operations

Shu_e-C
reference

ILC IOC 3 launches/year

A

Phase

C/D
ATP

2O02

ILC IO(3

_. _ 1ST LEO
launch

I C of F budget cycle

I I 1st line facllltles

I I 2nd linefacilities

Flight test
articles available

Pathfinder
(HLLV/Shuttle-Z only)

OMD/trainlng
CERTS/soltware I

stem. I /

/

Sustained

operations

Legend

ETO transition l_:_J _41_ Shu.le-C

fligh! rates _-41-.-.-- HLLV/Shunle-Z

Figure 6.7.3-11.- Mars Evolution class mission launch site plan.
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Figure 6.?.3-12.- Mars Expedition class mission launch site plan.
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Figure 6.7.3-13.- Lunar Evolution class launch site inveslment.
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Figure 6.7.3-14.- Mars Evolution class launch site investment.
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1 "
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3. NO learning curve spplk)d
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5. Includes 5% government support and 10% conlraclor fee

15. Excludes 25% management _e

Figure 6.7.3-15.- Mars Expedition class launch site investmenL

TABLE 6.7.3-III.- KSC FACILITY LrrILIZATION

Facility

S

SSPF

CHPF

IHPPF

Past
utilization

Fu tore

utilization

DoD-USN

No funding

Unapproved

Present
utilization

CTES

No funding

Unapproved

Unapproved Unapproved

STS 60, 63, CFES

Space Station Freedom,

Shuttle-C payload
processing (no hazardous

capability)

Three CERV vehicles in
1995-96

time frame

OMV

Ultimate
status

Possible utilization
for RCS

and MOOS Processing
(non-hazardous)

Saturation, Space Station

Freedom logistics and
Shuttle-C payloads

Could support missions
ff number of CERV

does not increase

Second "most likely"
facility

to support missions
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Table 6.7.3-W shows the manpower required to support ios and vehicle descriptions are continuing to evolve.

the peak launch rate as identified previously. Manpower Further analyses are required to provide support in as-
can be identified as a function of yearly launch rate from sessing the impacts of these changes.
which the recurring cost can be derived.

6.8 LUNAR OASIS EMERGING CASE STUDY

TABLE 6.7.3-IV.- LABOR REQUIREMENTS TO
SUPPORT LAUNCH VEHICLE PROCESSING

_ Mixed Shuttle

Case"_,,_ eet +

study "_ Shuttle-(:

Lunar

Evolution class

mission

Mars

Evolution class

mission

Mars

Expedition class

mission

8,638

+

4,396

8,638

+

5,477

8,638

+

5,326

Shuttle
+

Shuttle-Z

8,638

+

4,183

8,638

+

4,510

8,638

+

4,510

Shuttle
+

HLLV

8,638

+

4,087

8,638

+

4,087

8,638

+

4,O87

:Notes: 1. Source - KS(: ground operations cost model
version 1.0

2. Operations labor (recurring) only
3. STS labor requirements support an annual

flight rate of 14

4. Shuttle-C / Shuttle-Z / HLLV labor
requirements support the maximum annual
hunch/on-orbit flight rates

Legend: Labor given in Personnel Year
Equivalents

6.7.4 Conclusions and Recommendations

This study effort has developed the methodology to

parametrically analyze and drive out issues associated
with the options available for launching and processing
STVs. The major limitation is the ability to assess on-
orbit processing requirements in terms of operations and
manpower. Facility requirements have been identified,
but additional study is needed to better define the most
efficient division between operations performed onthe

ground and those performed in orbit.

In summary, during this year the launch/on-orbit proc-

essing study defined methodology, developed appro-
priate analytical tools, and provided initial data for most
elements. Some data (especially on-orbit operations)
have not been fully _teveloped, and the mission scenar-

The Lunar Oasis emerging case study is an effort to
define an alternative lunar outpost development strat-
egy that considers self-sufficieh_/the major goal of the
facility. This section defines the rationale of the case
study and outlines a reference architecture for the Lu-
nar Oasis in order to determine the magnitude of the
space transportation logistics requirements, to under-
stand new technology, and to decide what prerequisite
science information should be obtained. With this

baseline established, it should be possible to determine
the technical and pro-grammatic feasibility of establish-
ing the Oasis. It has been concluded that the Oasis is a
feasible approach, and elements of it should be studied
in conjunction with future lunar case studies.

6.8.1 Rationale

The Oasis is a concept for a human lunar outpost that is
capable of conserving its resources and using indigenous
resources to make the outpost nearly self-sufficient, and
is eventually capable of expanding with minimum ad-

ditional material inputs from Earth. The Oasis is used
to study human adaptation to the lunar environment in
an isolated facility where the crew is resident for years
at a time. The crew is involved in scientific experimen-
tation and observation directed in part at the questions
of the long-term viability of the outpost, as well as ex-
ploring the Moon and using it as a platform for observa-
tions of the solar system and universe.

Beginning with the Moon is logical because many of the
challenges associated with settling humans on other
planets are related to physically and psychologically
maintaining people in hazardous and unfamiliar envi-
ronments. The environments of Mars and the Moon,

for example, are both equally inhospitable to human

habitation. Although the use of indigenous resources
as consumables may be somewhat easier on Mars, the
lunar surface is more constant and predictable. The

biggest difference between the two bodies is travel time.
Since Mars is much farther away, opportunities to res-
cue crews in cases of system failures, accidents, or sick-
ness are infrequent, and the trip is long. Substantial

growth of mankind's technological prowess, under-
standing of the ability of people to function in isolation,
and confidence in the capability of both machines and

human beings to succeed in the task will be necessary
before a permanent outpost on Mars is feasible. This
confidence cannot be gainedby sending groups of three

or six on sorties into the solar system, but must be gained
systematically by establishing facilities in which sizable
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crews with a wide range of skills work together for ex-
tended periods of time to solve problems associated with
residence on another planet.

Section 6, Options, Alternatives, and Trades

tire future courses of development.

6.8.2 Reference Configuration

Attaining self-sufficiency has programmatic and eco-
nomic benefits. Many current models for lunar outpost
programs, recognizing the high cost of transportation
to and from an outpost, propose to reduce transporta-
tion costs by producing propellants on the Moon, thereby
relieving the burden of transporting propellant from
Earth into space. Much of the burden, however, is in-
volved with transporting crews to and from the Moon.
If facilities can be provided in which the tour of duty of
crewmembers can be extended to a period of several
years, the burden on the transportation system can be
reduced substantially. By reducing the need to resup-
ply the crew with consumables and other imports from
Earth, the cost of operating the lunar outpost will also
be diminished significantly. After self-sufficiency is es-
tablished, the continuing operational costs will be rela-
tively low in proportion to the scientific and technologi-
cal benefits and to other space development and explo-
ration activities that will follow the Oasis.

The Oasis will be partly directed to "operational" scien-
tific research, aimed at understanding the problems of
long-term habitation on the Moon. The early science
strategy for the Oasis emphasizes using telerobotic ex-
plorers outside while the crew analyzes samples and data
in lunar laboratory facilities. As experience with the out-
post grows, the capability to establish and maintain ob-
servatories and laboratoriesand toconductlong-range

surfaceexplorationwillgrow also.

Human adaptation to a gravity field less than 1-g is not
understood. Lunar Oasis will characterize adaptation
at 0.16-g, which will be applicable to a Mars outpost (0.38-
g). Whereas fractional-g facilities on SpaceStation Free-
dom will be quite limited in the number of people who
can be tested, data on a larger number of lunar outpost
occupants will be able to provide a solid database from
which the requirements for Mars missions can be de-
rived.

Although production of propellants for use in the trans-
portation system is not included in the Oasis, the extrac-
tion of hydrogen and oxygen from indigenous materi-

als for life support is required. This would provide the
technology and experience base for development of a
propellant production capability. Materials processing
technologies and maintenance and repair facilities would
provide the basis for more rapid expansion of scientific
capability than if all equipment must be transported from
Earth. Development of indigenous power-generating
and power-distributing capability could lead in the di-
rection of large lunar power or satellite solar power
applications. Thus, the Oasis can enable many alterna-

Three phases are identified for Oasis development: (1)
the oasis phase, (2) the consolidation phase, and (3) the
utilization phase. In the oasis phase, the initial facility is
established, using a crew of 6 to 10 people. A sortie by a
small crew will be made to check out the site and pre-
pare for construction. Equipment delivered in advance
will support a 1-year tour of duty for the first perma-
nent crew. The principal components of the outpost at
the end of the oasis phase include:

a. The construction facility, which provides temporary
space for the crew until the first permanent habitat
is erected and activated. Thereafter, the facility
serves as a safe haven in case of a catastrophic acci-
dent in the habitat.

b. A constructible habitat, the scale of which would be

suitable for 10 crewmembers, including all perma-
nent personal and communal space required for the
crew, as well as operational capabilities required that
cannot be incorporated into the construction facil-
ity. The constructible habitat will contain the first
phase of the controlled ecological life support sys-
tem (CELSS).

c. A volatile extraction facility, capable of obtaining ni-
trogen, hydrogen, carbon, and oxygen and water for
the facility by vacuum pyrolysis from the lunar re-
golith. The volatile constituents are used to make
up losses of volatiles from the base, to pressurize
constructed facilities, and to fill reservoirs. The vola-

tile extraction facility is essential to the strategy.

d. Science equipment and laboratories, necessary to

conduct local geological exploration, conduct remote

robotic geological exploration, establish astronomi-
cal facilities, and conduct a wide range of research
in the life sciences, including research into 0.16-g

adaptation, public health aspects of an isolated fa-

cility, and investigations of biology associated with
the operation of the CELSS.

e. A 1.5 MWt/500 kWe nuclear power station, which

will provide electrical energy for the outpost and
thermal energy for the extraction of volatiles from
the regolith.

f. Surface construction and EVA equipment for con-
struction, maintenance, and exploration activities.

g. A maintenance and repair facility, for analyzing
failed equipment and making minor repairs on me-

chanical and electrical equipment, from a store of
component and module spare parts.

At the completion of the oasis phase, the facility can sup-
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port its crew with a minimum of resupply from Earth.
All volatiles for making up losses from the facility will
be replaced by extraction from the lunar regolith, and

the CELSS will produce 95 percent of all food required
by the crew. At this point, the crew tour of duty can in-
crease to 2 or more years.

At the end of the oasis phase, several courses are pos-
sible. The first would be a holding mode, in which the
crew tours of duty are lengthened (at a reduction of op-
erational costs), but no additional facilities are emplaced,
as the crew reactions are studied and their capabilities
in the lunar environment are tested. This course could

be consistent with a program that changes emphasis at
an early stage to the exploration of Mars. The second
course could be a strategy in which propellant produc-
tion is introduced, in order to reduce the operating costs

for a continuing program of lunar development. This is
the strategy envisioned by the Lunar Evolution case
study described in section 3.2. The third course entails a
strategy in which the lunar foothold is expanded and
the ability to utilize lunar resources for that expansion
is developed.

One approach to the third course is discussed in this sec-
tion. Additional crew, habitats, and process plants re-
quired for internal growth of the outpost are constru-
cted in a "consolidation" phase.

The new facilities to be added during this phase include:

a. Two additional constructible habitats, delivered

from Earth, equipped with CELSS capabilities, to in-
crease the outpost staff to 30.

b. A plant for utilizing indigenous lunar resources to
produce the materials required for expanding hab-
itable, pressurized volume. For the reference con-
figuration, a concrete-producing system is modelled.

c. A plant for producing metallic iron or iron alloys,
which will be used for construction (e.g., as reinforc-
ing in concrete), electrical conductors, and other
manufactured products.

d. A capability to produce the elements of a pho-
tovoltaic farm utilizing indigenous resources.

e. A repair/maintenance facility upgraded with manu-
facturing capabilities.

During the consolidation phase, the crew tour of duty
will increase to 3 years or longer. At the end of this phase,
the outpost will be able to expand its pressurized vol-
ume and power output and provide for many of its in-
ternal needs utilizing indigenous resources. The last

phase is called the "utilization" phase, and it is not de-
scribed here.

Table 6.8.2-I summarizes the general characteristics of
t_e_]_s-o-i_-t_e Oasis........

6.8.3

Over the past few years, descriptions of the major com-
ponents of the Lunar Oasis reference configuration have
been presented among a growing number of concept
studies. The Oasis configuration has been assembled
from such elements scaled to the requirements of the
Oasis crew and their activities. The "mission manifest"

that catalogs the elements, their capabilities, and their
sequence of emplacement is outlined in table 6.8.3-I. For
the purposes of the study, it has been assumed that the
space transportation system consists of Earth-to-orbit ve-
hicles, orbital transfer vehicles, and lunar lander and

ascent vehicles capable of transporting 20 t to the sur-

face in one-way cargo missions (expendable landers) and
14 t on round-trip piloted missions. The transportation
system must deliver three payloads to the Moon each
year for 10 years.

6.8.4 Principal Elements of the Oasis

The principal components of the facility are discussed
below. References are provided to the literature sources
for the concepts. More complete descriptions and _ai-
ing assumptions, as well as assumptions of the interde-
pendence of various elements of the outpost, can be
found in Volume VI of the Exploration Studies Techni-
cal Report.

1. Constructible Habitats: One of the characteristics of

the Oasis is that substantial amounts of pressurized
volumes are established. A concept for an inflatable
structure with a volume of approximately 2,000 cubic
meters has been proposed by M.L. Roberts in a 1988

paper, Inflatable Habitation for a Lunar Base. The use of
such a structure substantially reduces the mass that must
be brought from Earth for habitats, laboratories, and the
CELSS modules. It is not evident that these will be suit-
able for the "industrial facilities" considered in the strat-

egy, which may also be constructible. Alternative ap-
proaches to constructible structures should be consid-

ered, including concepts involving tunneling within the
regolith (ground-up rocks and glass covering the lunar
surface to a depth of several meters) or into the rock
below the regolith. Three habitats and two industrial
facilities, with a total usable volume of 10,000 cubic me-

ters, are required.

2. Volatile Production: The requirement for substan-
tial amounts of pressurized habitable volume and a self-
sufficient life support system makes the production of
gases and water for pressurization and reservoirs essen-
tial to the Oasis strategy.
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TABLE 6.&2-I.- CHARACTERISTICS OF LUNAR OASIS PHASES

Subsystem Oasis phase Consolidation phase Utilization phase

Habitat Add habitats

Volatiles handling

Life support system

Power

Resource processing

Manufacturing

Science capability

Constructible habitat from
Earth

Establish and test systems

CELSS facility

Fill consumable
reservoirs

System activated

Lunar concrete for

pressurized structure/
other materials for
internal use

Pressurize new volumes

Augment CELSS
ECLSS backup

MWe nuclear

Mining/processing for
volatile plant

Small machine shop
for maintainance and repair

Supports outpost functions
Local exploration

95 percent food produced

Research options for
solar power

Metals plant

Explore manufacturing of!
significant outpost
elements

Growth of science labs

and observatories

Expand power using local
materials

Production of new
structures and utilities

Manufacturing supports

outpost expansion

Growth of science

capability using

indigenous resources

TABLE 6.8.3-I.- MISSION SEQUENCE AND ACTIVITIES

Year Number

1 1

1 2

I 3

2 4

2

3
3

3

7
8

9

DescriptiQn

The construction module is a Space Station Freedom
derivative, and has a self-contained life support sys-
tem

Power system, construction equipment, navigation
aids, and supplies to the construction module
4-person crew/4 months; space suits; provisions;
spares
Supplies for a l-year tour of duty; additional EMU
hardware; science equipment (science equip-
ment is carried by many missions)
Integrated 0.5 MWe nuclear power facility and
volatile extraction facility. Volatile extraction facility
provides gas for pressurization of constructible habitat,
and to make up for system losses
6-person crew/l-year tour of duty; tools; repair/
maintenance system; communications equipment

FLrStconstructible habitat

CELSS system, suitable for supporting 10-person crew

'10 crew up/6 crew down; pressurized rover;
science equipment; provisions; spares
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Crew activities

Temporary crew reconnoiters site,
activates construction module

Assemble, activate nuclear power/
volatile plant. Science stations
erected and exploration carried out
throughout program
Assemble, pressurize habitat
Assembly and check-out of
CELSS system
Outpost operations, check-out,
and system experience
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TABLE 6.8.3-I.- (CONCLUDED)

Year Number

4 10

4 1I
4 12

5 13

5 14
5 15

6 16
6 17
6 18

7 19

7 20
7 21

8 22

8 23

8 24

9 25
9 26
9 27

10 28

10 29
10 30
11 31

Note:

Description Grew a_tivities

Second nuclear power/volatile extraction module

Supply mission; space suit systems
I0 crew up/10 down; science equipment;
provisions; spares
Constructible habitat to provide for 10 additional
crew

CELSS system
10 crew up

Augmentation to volatile facility, doubles output
I MWe nuclear power
10 crew up/10 down; science equipment;
provisions; spares
Industrial module, to house elements of metal

and concrete production facilities
Metal manufacturing facility
10 crew up/10 down; provisions; spares; science
equipment

Concrete manufacturing facility

Constructible habitat, to increase outpost capability
to crew of 30

10 crew up/10 down; space suit replacements;
spares; science equipment
1 MWe nuclear power system
CELSS system, to provide for 10 additional crew
10 crew up; spares; provisions; space suits and
maintenance system
Industrial module, to provide space for solar
cell manufacturing facility
Solar cell production equipment
10 crew up/10 down; spares; provisions
Solar cell production equipment

Assemble and activate

power/volatile plant

Erect, pressurize habitat

Install CELSS
20 crew

Tour of duty is now
2 years (for previous crew)
Install facility
Activate power plant

Install module

Establish facility

Install, check out
facility
Erect habitat

Install power system
Install CELSS

30 crew; 3-year tour
of duty
Erect facility

Install equipment

Complete installation,
initiate production

Ever), third mission is a piloted mission. Cargo missions carry a payload of 20 t;piloted missions, 14 t.

The Moon is characterized by the absence of oceans and

atmosphere, and the presence of rocks that are quite dry.
Nevertheless, the lunar regolith contains substantial

quantities of volatile elements, implanted over eons by
the solar wind, which can be extracted from the regolith
by heating at 600 to 900 ° C. Of the gases needed to pres-
surize the Oasis, nitrogen is rare in the lunar regolith,
where a typical concentration is 50 ppm. Concentrations
of hydrogen and carbon are slightly higher. The amount

of nitrogen needed .for pressurization depends on the
selection of atmospheric pressure and composition for

the lunar facility. The Oasis model assumes an internal
pressure of 0.5 atmosphere with 40 percent oxygen. This

requires only 3/8 of the nitrogen that would be required
for one atmosphere pressurization.

The principal losses from the facility are from diffusional
losses and the operation of airlocks. In the oasis phase,
it has been assumed that volumetric diffusion losses are

on the order of 6.9 kg/day from the 2,000-cubic meter

constructible habitat and that four daily operations of
airlocks lose a total of 1.4 kg/day. These assumptions
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arescaledto laterphasesaccordingto thenumberof
pressurizedstructures. Largerlossrateswill more
stronglyrequire the generation of nitrogen from the
lunar regolith. Smaller rates will reduce requirements
for power or allow other uses for the volatiles.

A facility for volatile extraction was descnbed in a 1988

Eagle Engineering Inc. study of a lunar oxygen pilot
plant. In order to produce the amount of nitrogen re-
quired in the oasis phase, scaling that facility indicates
that a system mass of 9,700 kg, 800 kWt, and 300 kWe
will be required. Much of the heat could be supplied by
waste heat from the nuclear power system.

Hydrogen is produced in the volatile production facil-

ity in about the same quantities as nitrogen. Since hy-
drogen is not required for habitat atmosphere, and it is
difficult to store, it is assumed that the hydrogen is re-
acted with oxygen to form water to be used elsewhere
in the system. Similarly, it is assumed that the carbon
released from the soil will appear as carbon dioxide and

will be stored for eventual use in expanding the life
support system. During the utilization phase, water is
necessary for use in lunar concrete construction and

strongly influences the volatile production requirements.

The total annual yield of useful volatile products from
the facility is estimated to be approximately the same
mass as that of the machinery needed to extract it (with-
out considering the power supply). Recent analysis by
E. Christiansen (personal communication) suggests an
even shorter mass recovery period.

In the process of producing water and carbon dioxide,
metallic iron will be formed. If it is assumed that the

process is efficient, sufficient metal is produced to meet
the construction needs of the facility in the utilization
phase.

Although solar wind gases are present in the regolith,
the content is a function of the "maturity" of the lunar
regolith. Thus, areas of higher maturity will be more
favorable for the Oasis, other considerations being equal.
For example, the difference between a site with 50 ppm
nitrogen (assumed here) and 75 ppm nitrogen (known
from samples of lunar soil) would be a 1/3 reduction in
the size of the volatile extraction facility and its associ-
ated power plant. It may be possible to determine the
maturity of lunar regolith by remote methods as de-
scribed in M.P. Charette's 1976 paper Age-Color Relation-

ships in the Lunar Highlands. The appropriate sensors are
under consideration for the Lunar Observer mission now

being planned by NASA, Such a mission could be effec'

tive in selecting an optimal site for the Oasis.

3. Controlled Ecological Life Support System (CELSS):
The CELSS is also critical to the success of the Oasis. It

Section6, Options,Alternatives,and Trades

is assumed that 95 percent of all food will be provided
by the CELSS, which also recycles all air and water.

Because the air and water reservoirs grow with time as
a result of volatile production, it is possible to store a
portion of the waste products for extensive periods of
time, for example, by utilizing slow biological waste
treatment methods. It is assumed that the provision of
extensive reservoirs, the existence of multiple habitats,
and the reliability of a modular CELSS system will make
the provision of physical/chemical life support systems
unnecessary beyond the initial construction facility.
Nevertheless, physical/chemical waste reactors may be
incorporated into the CELSS. CELSS systems designed
to date generally have been assumed to be hydroponic.
Because of the availability of lunar surface materials, soil
substrates may be desirable. Such substrates could al-

low easier expandability in the utilization phase of the
Oasis. The mass of the CELSS required for support of
four persons is estimated to be 10 t with a power re-
quirement of 200 KWe.

4. Power Systems: The initial construction facility is
assumed to be a modified Space Station Freedom mod-
ule, with self-contained life support and thermal con-

trol systems, which provides living space for the con-
struction crew and is used subsequently as a work area
or safe haven. A 25-kWe photovoltaic array with regen-
erative fuel cell storage device provides power to the
construction facility. The mass of the self-contained

habitat is 20 t. The 25-kWe power supply has an addi-
tional mass of 10 t.

For the Oasis, an SP-100 derivative nuclear reactor with

1,500 kWt capability with eight Stifling engines capable
of generating an average of 500 kWe has been assumed.

This power plant is scaled from the system described by
L.S. Mason and H. Bloomfield in a 1989 paper entitled
SP-IO0 Power System Conceptual Design fvr Lunar Base Ap-
plications. For safety, the reactor is buried in the regolith
and has independent heat rejection loops for each en-
gine. The SP-100 nuclear reactor design weighs 10 t and
has an expected lifetime on the order of 7 years. Thus,
in later stages of the strategy, a replacement reactor will

be required. Perhaps the first reactor could be reconfig-
ured to provide only thermal power and remain useful
for a longer time.

5. Concrete Production Facility: One of the concepts
discussed recently is that the material required to pro-
duce concrete can be obtained from indigenous lunar
materials and that freestanding structures will be pos-
sible using concrete as a construction material. A vola-

tile production facility provides the water required for
the facility. The lunar concrete building described in a
1988 paper by T.D. Linet al was scaled to 2,000 cubic

meters, equivalent to that of the constructible habitat.
Concrete production was assumed to require the sepa-
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ration of rocks, pebbles, and sand-sized material from
the regolith for use as aggregate, production of cement
by the chemical processing of lunar plagioclase feldspar

(CaAiTSi20 s) and production of water. Metal reinforc-

ing and tension cables are produced by the metal facil-
ity described below. In order to produce 2,000 cubic me-
ters of habitable volume per year, the mass of the facil-
ity is estimated to be 15.5 t and to require 200 kW of
electric power. This does not include the requirements
for iron products. It does include all mining, beneficia-
tion, chemical processing, mixing, casting, curing (in-
cluding an autoclave for rapid curing of precast concrete
slabs), and surface transportation systems for an end-
to-end concrete construction capability.

6. Metals Production: Metallic iron occurs naturally in
the lunar regolith in small quantities. In addition, any

process that extracts oxygen from lunar silicates or ox-
ides produces iron as a by-product. For this study, it
was assumed that metal is the by-product of oxygen pro-
duction and can be extracted at elevated temperatures
from that process. A very simple system for melting the
concentrated iron, casting it into ingots, and rolling the
ingots into bars and rods, pulling wire, and manufac-
turing wire cables was sized to produce 150 t (about 20
cubic meters) of iron per year. The system was based on

data from The Making, Shaping, and Treating of Steel, a
1971 publication by the United States Steel Corporation.
This system is about twice the throughput that would
be required for the concrete building fabrication. A pre-
liminary mass of i0 t is estimated with a power require-
ment of 100 kWe.

7. Solar Photovoltaic Device Production: The objec-
tive of the facility would be to produce photovoltaic
devices and structural materials on the Moon. The sys-
tem is scaled from a General Dynamics Convair study
that defined a lunar and space facility for producing
silicon photovoltaic cells, fused silica cover glasses, and
supporting structures for satellite solar power systems.
The facilities defined in that study were scaled to the
production facility required for 10 MWe of new power
per year on the Moon. A target of no more than 10 t of

terrestrial materials per each 10 MWe lunar photovoltaic
array would be a significant performance improvement
over nuclear plants brought from Earth.

Silica glass and silicon metal would be produced in as-

sociation with the processing of feldspar for cement. One

of the products obtained from the decomposition of feld-

spar is silica, and the amounts obtained are approxi-

mately equal to the amount of cement produced. This

amount is approximately 10 times the total needed for

the silicon solar cell production.

Estimates of the mass and power of equipment neces-

sary to produce silicon solar cells at a lunar facility are
30 t of equipment and 365 kWe. The scaling from the
General Dynamics Convair study includes a factor that
reflects the 50 percent duty cycle of the lunar facility

compared to the free space processing facility envisioned
there.

8. Science Facilities: The science equipment for the
Oasis reference configuration will not all be delivered at
one time, but instead is included in many of the mani-
fested flights. Some of the science equipment will be

cross-utilized for operational support, in particular the
analytical facilities, which will perform monitoring serv-
ices and study failure problems as well as performing
fundamental scientific investigations. Some operational
facilities will include science capability. These facilities
include the Health Maintenance Facility, which will be
used for studies of crew health and fitness, and the

CELSS, which will include monitoring and analysis
capability in support of that facility. Other facilities to
be included are:

a. Geological field tools and emplaced experiments

b. Petrological analysis laboratory

c. l_/ological analysis laboratory

d. //nimal holding and experiment facility

e. Plant experiment facility

f. Astrophysical, solar and terrestrial observatory

g. Experimental petrology/materials processing labo-
ratory

h. Repair and maintenance facility.

6.8.5 Discussion

_caI¢ of Pro_am. The delivery of components up to the

completion of the consolidation phase requires 31 mis-
sions over 10 years. It is assumed that these missions
can be carried out at 4-month intervals, or at the rate of
three per year. The magnitude of the entire scenario is a

little more than four times that of the Apollo Program,
as each of these missions is of similar magnitude to an
Apollo flight. The ratio of cargo to personnel flights is
2:1. This distinguishes the Oasis from the Apollo Pro-
gram, in which no permanent support equipment was
delivered to the Moon. The strategy is designed to limit
the number of crew missions to one per year. For ex-
ample, as the crew increases from 10 to 20, it is assumed
that the tour of duty increases from 1 to 2 years.

At the end of the consolidation phase, the capability
exists to expand habitable volume, life support, and

power largely using the Moon's indigenous materials.

In contrast to the Apollo Program, which was explora-
tory and self-contained, leaving no installed facilities at
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theendof theprogram,the Oasis is capable of nearly
unaided expansion. At the end of the consolidation
phase it could survive for long periods of time with no
resupply from Earth.

Integration of Production Facilities. A variety of interrela-
tionships exists between production facilities and the
power systems. The temperature of the nuclear reactor
is slightly higher than that needed to extract volatiles
from the regolith, and the rejected heat could be useful
as preheat.

The by-products of volatile extraction can become the
feed to the metals-producing facility. The production
of cement can provide silica as a by-product for solar
cell production. An integrated power station/volatile
extraction/materials production facility should be con-
sidered, although it will present significant design chal-
lenges.

_elf-_ufficien_ Growth. The elements that allow the facil-
ity to grow after the consolidation phase include con-
crete and metal facilities, which allow new pressurizable
structures to be constructed using a minimum of mate-
rials brought from Earth. In early stages of expansion,
it is envisioned that interconnecting airlock modules and
bladders for containing pressure may have to be pro-
vided from Earth; however, all other construction ma-

terials can be lunar. Growth includes expanded vola-
tile production allowing the pressurization of new habi-
tats and the production of photovoltaic power systems,
which include silicon photovoltaic devices, supporting
structure, and appropriate electrical connections. All,
in principle, can be fabricated from lunar materials, with
minor quantities of materials (e.g., precious metals)
brought from Earth. In addition, capabilities will exist
for constructing an expanding network of roadways and
unpressurized structures.

The concrete and metals production facilities in the Oasis
have been sized to create the equivalent of one pressur-
ized habitat per year. There is excess capacity in both
systems at that rate, and other structures or uses would
be possible. The initial sizing of the photovoltaic sys-
tem production facility is for 10 MWe per year. This
also is very large compared to the local requirements.
However, rapid increase in the availability of power will
open many new options to the Oasis.

No provision has been made for adding staff or facili-
ties beyond the start of the utilization phase. It is as-

sumed that the requirements for additional people and
equipment will be developed by the time the utilization

phase starts.

Technolo_Reauirements. A number of technologies must
be demonstrated if the Oasis is to be successful. Some

Section 6, Option, Alter'natives, and Trades

of the more important include:

a. MWe nuclear power generation

b. Low-mass constructible habitats (e.g., inflatables)

c. Controlled ecological life support systems (95 per-
cent + closure)

d. Lunar materials processing (mining, extraction, and
bulk product preparation) for:

(1) Volatile extraction

(2) Cement production and concrete preparation

and handling

(3) Metal production

e. Computer-controlled flexible repair and manufac-
turing

f. Photovoltaic devices, structures, and energy storage
and distribution utilizing indigenous materials

Improved performance of analytical and experimen-
tal laboratory instruments

Automated surface rovers

Large pressurized facility design and construction

Hermetic sealing of facilities constructed with in-
digenous materials.

°

h.

i.

j.

There are a number of areas in which competitive ap-
proaches to the reference concept should be developed,
including subsurface tunneling as an alternative to con-
structible habitats, and sintered regolith as a construc-
tion material.

Crew Considerations. Many additional studies are sug-
gested by this analysis. One interesting set of questions
deals with the capabilities of the crews that will occupy
the Oasis. The objectives of the Oasis are to demonstrate
self-sufficiency, to develop confidence in maintaining
crews for periods of years at a planetary surface out-
post, and to conduct scientific experimentation and ob-
servation. The performance of the crew will be key to
the success of the Oasis. Because this will be a novel

undertaking, and one in which people on-site should
have a major input to the development of capability, new
levels of autonomous action by the outpost members will
be sought.

The tasks of installing, maintaining, and operating Oa-
sis systems and conducting research are widely diverse,
requiring significant amounts of pre-mission training,
cross-training, and individual flexibility. Other consid-
erations in selecting crewmembers will include poten-
tial for innovation, technical capabilities compatible with
outpost operational modes (e.g., computer/automation),

and personal characteristics (capability to work in a
team). This should be an area of intense investigation
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as preparations are made for the Oasis.

An initial examination of crew skills and jobs was made.
Because of the breadth of skills required, it is clear that
all outpost personnel will have to have multiple duties,
either cross-disciplinary or combinations of management
and technical tasks. Some tasks, such as facility house-
keeping, will probably be shared equally by all crew-
members. Even a cursory consideration of this problem
indicates that true autonomy by the crew, in terms of
being able to function without technical support from
Earth, is unlikely.

Two areas deserve special attention. The first is the re-
lationship of people and machines. Most of the routine
work at the Oasis must be done by machines. Humans

will have the role of directing the efforts of the machines
and keeping them in operating condition. The people
should also be keen observers of machine capabilities
and potential, so that improved versions of hardware
and software can be developed.

face imaging and possibly surface surveys to determine
local engineering prope_ies, is requi_. The construc-

tion of the Oasis does not require the prior analysis of
samples from the site chosen.

No life sciences precursor missions appear to be required
in the area of space adaptation. Although there may be
value in the study of the effects of weightlessness in Earth
orbit in understanding the results of exposure to the 0.16-
g lunar environment for extended periods of time, an
iterative strategy can be adopted whereby the analysis
is made as the outpost is constructed and activated. The
study of crew selection and certification for extended
duration assignments at the Oasis will require substan-
tial preparatory research. In general, most of the rec-

ommendations of the NASA Life Sciences Strategic Plan-
ning Study Committee articulated in the 1988 report,
Exploring the Living Universe, are applicable to this strat-
egy, with less emphasis on microgravity demonstrations
of medical technology and life support systems on Space
Station Freedom.

Another key consideration is ground simulation. It
would appear reasonable to operate a virtual replica of
the Oasis on Earth, where personnel on the ground can
understand the long-term capabilities of both machines
and crews and can serve as problem-solving aids to the
lunar crew. If new applications for lunar materials,
machines, or people are identified by the Oasis crew, it
should be possible to rapidly develop them on the
ground and communicate solutions to the crew. The
design engineering staff responsible for the Oasis should
have access to this facility. Provision for the ground
facility and supporting staff should be included in pro-
grammatic plans for the Oasis.

Precursor Scienc_ Missions and Program. Among the
Apollo sites, any mare site would appear to be a reason-
able choice from the point of view of volatile extraction
and system performance. The Apollo 17 site, where an-
orthite- and ilmenite-rich rocks and volcanic glasses with
surface concentrations of metals and volatiles were

found, would provide a suitable location. However, an
orbital survey for regions of mature regolith is a highly
desirable precursor to the Oasis. Discovery of areas of
high volatile content can improve system performance

significantly.

The scientific objectives of the Oasis will be enhanced
by further understanding the Moon through global map-
ping such as that proposed for the Lunar Observer.
Because a major activity at the Oasis will be local explo-
ration, an optimum site could be identified, wherethe
20 to 50 km vicinity of the outpost site offers the greatest
promise for addressing important lunar problems. If
sites different from _he Apollo 17 site are chosen, addi-
tional information, including high resolution (1 m) sur-

Additional science objectives will be derived in detail,
based on scientific progress made in the various disci-
plines, before the Oasis is undertaken. All prior work
can be viewed as precursor information in that regard,
and vigorous scientific programs should precede the
Oasis, both to develop the best set of science experiments
for the Oasis and to ensure that there is an adequate cadre
of scientists to conduct the research that will be enabled.

All science disciplines should expect to develop im-
proved or novel experimental apparatus to take advan-
tage of the Oasis, consistent with the transportation and
operational constraints. When the Oasis is approved as
a project, a portion of the development effort should be
expended on the requirements of the consolidation phase
of the Oasis, particularly in addressing the potential for
using indigenous resources to advance scientific research
and exploration.

Trade Studie_. Many aspects of the Lunar Oasis require
more complete understanding before development is
undertaken. Some of these aspects are:

a. Comparison of the variety of ways to provide pres-
surized volumes for the oasis phase and beyond.
Although inflatable structures have been assumed
here, alternatives exist. For example, tunneling
beneath the lunar surface has been considered, as
has the utilization of Space Transportation System

external tanks. Consideration should be given to
transportation, space operations, and lunar surface
operations elements of the problem.

Energy storage and transmission on the lunar sur-
face. A comparison between improving the effi-
ciency/performance of systems brought from Ear th
versus constructing systems based on lunar indige-

b.
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C.

nous materials is necessary. It is assumed here that
much of the mass of a photovoltaic array can be

produced from lunar materials. There are still prob-
lems associated with storage of energy during the

long lunar nights. One solution, potentially avail-
able in the utilization phase, is to construct a lunar

photovoltaic grid at sites remote from the main fa-
cility. When expansion begins by utilizing indige-
nous resources, it is not required that all elements
be located at one site, although additional surface

transportation will be required.

Operations-autonomy-automation tradeoff. A study
should be performed to identify approaches to op-
erational architectures for the Oasis, which might

range from autonomous activities on the Moon to
activities managed from Earth, and to determine the
optimal terrestrial support for lunar Oasis crews.
The training/simulation/research requirements for
a terrestrial analog control center/training center
and its interaction with the Oasis requires study.

6.8.6

From the top-level assessment of this emerging case
study, the Oasis appears to be a feasible program in scale.
The results of this case study should be viewed as pre-
liminary; the case could, however, be used as a baseline
mission for further detailed examination as a focused

case study. Assessments of the performance required
from each of the production elements and their mass
and energy requirements indicate that the essential ele-
ments for nearly self-sufficient operations can be deliv-
ered with the constraint of individual payloads of 20 t,
and the total number of missions is not unreasonable.

An organized program of technology development and
scientific understanding should be initiated to better

define the elements and capabilities of the Oasis. It is
likely that the application of new technology and alter-
native approaches to the production elements can fur-
ther reduce their mass and energy consumption, can
provide better integrated systems, and can reduce the
need for crew operations. The conduct of technology
development and science missions should be an essen-
tial foundation for NASA's near-term program.

Much of the technology development envisioned here
is not traditional in the space program. Such technol-

ogy is better understood by elements of non-aerospace
industry, including construction, chemical processing,

agriculture, and others. The fact that the technology is
new and that new classes of technical disciplines are

included raises natural barriers to the adoption of the

technologies in the space program. Studies are neces-

sary that will allow experienced space program engi-
neers and technical experts in a broad range of process

industries to work together toward benchtop and pilot-

scale plants to demonstrate to skeptics that the concepts
can work efficiently and reliably. Most of this can be
carried out on Earth in a l-g environment, which means
that highly relevant research and development can be
initiated soon.

6.9 NEAR-EARTH ASTEROID EXPEDITION
EMERGING CASE STUDY

6.9.1 Rationale

The principal reasons for considering the human explo-
ration of near-Earth asteroids are to assess potential in
situ resources and to enhance scientific understanding

of the history of the solar system. The class of solar
system bodies termed Aten, Apollo, and Amor asteroids
have orbits outside the main asteroid belt. The Atens

are asteroids with a semimajor axis less than that of the

Earth. The Apollos have orbits that cross Earth's. The
Amors approach Earth, coming closer than Mars, but
not inside Earth's orbit. Together, these asteroids have
been termed "near-Earth asteroids." These objects are

generally smaller than 20 km in diameter and have a
variety of compositions, as determined from reflection
spectroscopy, that appears similar to that of meteorites
that have fallen on the Earth. (Details supporting this
statement can be found in McFadden, L. et al (1989)

Physical Properties of Aten, Apollo and Amor Asteroids, in
Asteroids II, University of Arizona Press.) These data
suggest that the range of compounds found in meteor-
ites, from carbonaceous water-rich materials to pure

metal, may be present in asteroids. Thus, these objects
have been cited in Space Resources, a book by J. and R.

Lewis, as potential sources of materials for space con-
struction and other economic uses. Because the aster-

oids are believed to be remnants of an early epoch of

solar system history, they are also of great interest sci-
entifically. The small size of these bodies and the likeli-
hood that they have been involved in repeated impact
events over their lifetimes suggest that they will be struc-

turally complex and difficult to analyze without detailed
sampling and three-dimensional analysis.

The velocity change requirements for missions from
Earth to some near-Earth asteroids are small. However,

the orbital characteristics of the asteroids are important.
The more eccentric the orbit and the higher the inclina-

tion of the orbit to that of Earth, the higher the delta-V
requirements. In addition, typical trip times for the
lowest delta-V missions are on the order of 2 years and

tend to be quite variable depending on the particular
launch year.

From the point of view of the case study process, the
near-Earth asteroids are of interest if they provide ex-
ploration targets that lead to different exploration strate-
gies than those for planetary missions to the Moon and
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Mars. For example, if the propulsion requirements for
particular asteroids are small enough that round-trip
missions can be accomplished in much shorter times than
Mars missions, an asteroid mission could be carried out
as part of the development of capability for later mis-
sions to Mars. If the trip times and propulsion require-
ments are similar, the asteroids become targets of op-
portunity that can utilize the technology developed for
Mars missions; however, in the near term, such missions
would not have to be studied in detail, as the concepts
and designs for the Mars missions would bracket the
possibilities for asteroid missions.

6.9.2 Aooroach

The McFadden paper referenced earlier states that the
number of known objects in these groups is in the hun-
dreds, and they are being discovered at the rate of a few
each year by dedicated asteroid search programs. The
Jet Propulsion Laboratory maintains a database that
includes the orbital data and, where available, composi-
tional information determined by spectroscopic studies.
The database was searched for near-Earth asteroids that

might have short trip times or low-energy trajectories of
particular interest. Missions with trip times of 1, 2, and
3 years were then considered. Table 6.9.2-I lists the as-
teroids included in the study.

6.9.3 Mission Analysis

In order to analyze mission performance for round-trip
asteroid missions, a standard mission concept was de-
fined, as shown in table 6.9.3-I. This definition was used
to compare initial mass requirements in low-Earth orbit
for the missions defined in table 6.9.3-II. Five represen-
tative "best" missions are compared in table 6.9.3-III.

In general, the requirements for trips to the easiest tar-
gets are somewhat greater than those for round trip
mis,;ions to Phobos. Table 6.9.3-W compares the delta
V requirements for a 440-day round-trip "sprint" mis-
sion to Phobos to those of the 1-year missions to 1982DB

and 1989FC. Similar comparisons hold for low-energy
missions, comparing opposition-class missions to the
Mars system, when aerobraking is assumed for the cap-
ture at Mars. Round trips to 1982DB can be carried out
for substantially less delta V than round trips to the lu-
nar surface.

6.9.4

Although near-Earth asteroids pass within the orbital
distance of the Earth from the Sun, simple missions to
these targets do not abound. No mission was discov-
ered that appeared to offer a near-term alternative to
Mars missions in terms of reducing round-trip times for
reasonable initial masses in low-Earth orbit. In general,
missions to Mars orbit are similar to and better than

missions to near-Earth asteroids in terms of spacecraft
performance requirements. It is concluded that the work
done by the Office of Exploration on missions to Mars
and Phobos is sufficient to understand the systems
approaches to the asteroid missions.

It is possible that new near-Earth asteroids with more
accessible orbits will be discovered in the future. The

capability exists to rapidly determine the mission char-
acteristics of a round-trip manned or unmanned mis-

sion for any newly observed asteroid. The search for
new asteroids should be continued.

This study has not addressed the suitability of near-Earth
asteroids as targets for unmanned missions or missions
using advanced propulsion systems. Such missions
could be considered for some concepts of asteroid ma-
terial utilization. A preIiminary analysis of nuclear elec-
tric propulsion missions to near-Earth asteroids was
reported in a 1983 paper by Science Applications, Inc.,
entitled A Quick-look at NEP Returned-Mass Capability for
Near-Earth Asteroid Missions, in Defense Applications of
Near-Earth Resources Workshop, University of California
at San Diego, La Jolla, California. That study indicated

that positive mass payback ratios could be obtained from
many asteroids using advanced propulsion capabilities.

TABLE 6.9.2-I.- CHARACTERISTICS OF CANDIDATE NEAR-EARTH ASTEROIDS

Type* Family Diameter Period Eccentricity Perihelion Inclination
(km) (years) (AU) (deg)

1982 DB
1977 VA

Anteros

Orpheus
1989 FC

Unknown Apollo 1.0 1.82 0.36 0.953 1.42
C Amor 1.6 2.55 0.39 1.129 2.98
S Amor 4.0 1.71 0.26 1.064 8.71

Unknown Apollo 0.4 1.33 0.32 0.819 2.69
Unknown Apollo Unknown 1.04 0.36 0.654 4.98

* C-type asteroids are believed to be similar to carbonaceous meteorites. S-type asteroids have spectra similar to
those of stony.meteorites.
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TABLE 6.9.3-L- MISSION DESIGN INFORMATION FOR SEVERAL
OPPORTUNITIES TO SELECTED ASTEROIDS

Asteroid

1982DB

Anten_

1977 VA

Round-trip Year Earth escape Delta V Departure Return
flight time depart delta V rendezvous delta V delta V*

(years) (km/sec) (km/sec) (km/sec) (km/sec)

0.936 2010 3.871 5A98 5.146 0.000
0.999 2000 4.711 6373 1.862 0.000

1.970 2000 4.284 0.869 0.582 0.000
2.021 2011 4.342 1.583 1.770 0.000

2.089 2009 4.382 3.456 2.033 0.000
2.140 2001 4.588 0.955 0.668 0.000
2.700 2004 4399 0.761 2.317 0.000
3377 2004 4.395 0.741 1.558 0.000
3.914 2011 4.166 0.408 1.504 0.000
4.092 2018 4.479 1.099 0.133 0.000

i i. i

0.959 2008 4.823 4.927 5.135 0.000
0.999 2013 4377 4.832 4.947 0.0(30

2.001 2000 4.348 5.251 4.857 0.000
2.001 2002 5391 2.313 4.900 0.000
2.001 2007 4399 3.969 4.316 0.000
2.001 2009 4.821 2.645 5.974 0.000
2.992 2004 4.975 1.280 1.256 0.000

0.958 2004 4.632 8.568 6354 0.000
0.999 2005 3.303 5.928 9.051 0.000

1.988 2003 4.439 1.840 1.576 0.000
2.009 2008 4.929 3.573 2.268 0.000
2.010 2000 5.134 1.936 3.437 0.000
2.382 2007 4376 9.011 5.180 0.000
2.526 2010 3.229 6.807 4.246 0.000
2.566 2002 3.738 6351 4.976 0.000

1989 1_ 1.325 2005 4.952 2.813 2.728 0.000

1.408 2009 3.934 3.726 2.884 0.896
1.421 2008 4.078 3.910 2.216 0.896
1.475 2015 4.926 1.992 0.235 1.910

• v odty
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TABLE 6.9.3-n.- MASS PERFORMANCE MOD_
FOR AS_OID M!_$S!ONS .....

Number of crew ...................................................... 4

Crew consumables (kg/day) ................................. 7.337
Crew and crew equipment mass (kg) .................. 1,200
Crew recovery capsule mass (kg) ......................... 6,000

Aerobrake shield factor (kg/kg entry mass) ....... 0.15
Interplanetary mission module (kg) ..................... 30,000
Large engine mass (kg) .......................................... 1,588
Small engine mass (kg) ........................................... 910

Propellant boiloff factor ......................................... 0.100
Earth to target navigation delta V (km/sec) ....... 0.050
Target proximity maneuver delta V (km/sec) ... 0.100

Target to Earth navigation delta V (km/sec) ...... 0.050

Propellant tankange factor (kg/kg propellant).. 0.12
Small delta V system Isp (sec) ............................... 316
Large delta V system Isp (sec) ............................... 470
Number of small engines ....................................... 2
Number of large engines ....................................... 6

rr_

TABLE 6.9.3-III.- COMPARISON OF FIVE
REPRESENTATIVE MISSIONS

Mission

Target

1982 DB

Anteros

1989 FC

1989 FC

1982 DB

Round-trip Launch Initial mass
duration year in LEO (t)

(years)

1.0 2000 5.633 x 103

1.0 2013 4.877 x 103

1.4 2008 1.286 x 103

1.5 2015 0.649 x 103

2.0 2000 0.360 x 103

TABLE 6.9.3-IV.- COMPARISON OF ROUND-TRIP MISSION REQUIREMENTS

Mission

Target

1982 DB

1989 FC

Phobos

Round-trip Year Earth escape Delta V Departure Return
flight time depart delta V rendezvous delta V delta V*

(years) (km/sec) (km/sec) (km/sec) (km/sec)

Total delta
V

(km/sec)

0.999 2000 4.711 6.573 1.862 0.000 13.146

1.475 2015 4.926 1.992 0.235 1.910 9.063

1.205 2002 4.200 1.200 2.800 0.000 8.200

* Impulsive velocity change required to slow spacecraft to hyperbolic excess velocity of 8.5 km/sec.
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SECTION 7

Conclusions

The goal of the FY 1989 Exploration Studies was to
develop the database from which subsets of different
case studies could support a defined approach. This
section summarizes the key findings that highlight this
year's studies.

7.1 MARS TRAJECTORY OPTIONS

This year's studies emphasized two major classes of Mars
trajectories. The first, opposition, is a class of trajecto-
ries with a short stay time in the Mars system (about 30
days), characterized by short round-trip flight times
(about 500 days); however, each one-way leg can be 200
to 350 days long, depending upon launch opportunity.
A Venus gravity assist is typically employed for energy
reduction on either the outbound or inbound leg, de-
pending upon the launch opportunity. If a Venus grav-
ity assist is not employed, the trajectory still passes by
the Sun at Venus's orbital distance (0.7 au). A "sprint"
trajectory is a subset of this class, characterized by round-
trip flight times of 400 to 450 days. This class of trajec-
tory is suitable for expedition missions, where short Mars
stay-times and relatively quick round-trip missions are
desired.

A second class of trajectories, conjunction, has "long"
Mars stay time (about 600 days), characterized by "long"
round-trip flight times (about 1,000 days); however, each
one-way leg can be as short as 100 to 150 days long,
depending upon opportunity. Minimum-energy trajec-
tories are of this type; however, the one-way trip times
can be as long as 300 to 350 days (total mission duration
is still about 1,000 days). Reducing one-way trip times
from 300 to 150 days can be achieved for a very modest
(about 5 percent) increase in TMI delta V. This class of
trajectory is suitable for missions where a long Mars sur-
face stay-time, along with a large amount of mass to the
Mars surface, is required. Cargo missions employ this
class of trajectory for one-way missions to Mars.

From these two broad classes of trajectories, a subset with
a free-return abort capability was developed for all pi-
loted missions. This means that once the TMI burn is

performed, the piloted transfer vehicle can return to
Earth without any further propulsive maneuvers re-
quired.

Last year's (FY 1988) studies employed a split/sprint
mission strategy for the human expeditions to Phobos
and Mars. This strategy assumed that the massive TEI
stage, along with all the mass destined for the Mars
surface, was sent to Mars on a minimum energy cargo

mission, separate from the crew, which launched dur-
ing the next opportunity on a fast "spring" profile with a
total round-trip mission duration of 440 days. For mis-
sion safety reasons, this year's studies assumed that the
TEI stage could not be separated from the crew's trans-
fer vehicle. Also, by extending the sprint trajectory total

mission duration to approximately 500 days, the energy
requirements were comparable to the 1,000-day class
requirements. The combination of these two factors
obviated the need to "split" the mission, and hence elimi-

nated the added mission operational difficulty of pro-
pellant storage and transfer in Mars orbit. Therefore,
the split/sprint strategy was not used for this year's Mars
Expedition case study.

Expedition versus Evolution - Trajectories for Mars mis-
sions are distinguished by the length of the stay time
available at Mars. In general, these trajectories fall into
the following two classes: (1) 30- to 100-day stay, and
(2) 500- to 600-day stay. (Although these ranges of stay
time vary by opportunity and propulsion system em-
ployed, there are two distinct options separated by a
region of non-availability.) Each class of trajectory sup-
ports a different mission scenario: short stay-times for
expeditionary missions, and long stay-times for the evo-
lutionary missions.

Exveditions - These missions are characterized by short
stay times at Mars, and relatively short round-trip mis-
sions. This mission strategy is appropriate for the first
several missions to the martian surface. The crew's
surface time and total mission duration are minimized

consistent with a conservative strategy for the first pi-
loted mission to another planet. Surface tasks conducted
by the crew include reconnoitering the landing region
for final site selection of the surface outpost infrastruc-
ture.

Evolution - The evolutionary strategy employed during
the FY 1989 studies assumed that once the outpost site
has been selected, the surface infrastructure has been

delivered and deployed, and human long duration
habitability issues have been resolved at the lunar out-
post, a Mars crew will be committed to a long duration
stay at the Mars outpost. Long duration stays on the
surface are a more efficient strategy for the human re-
source given the capital investment in the IMLEO for a
piloted Mars mission. (Expedition missions require 800-
1,000 t IMLEO versus 600 to 750 t for long duration stay
missions.)

An important lesson learned from the Lunar Evolution
case study in this regard was the fact that long crew
rotations (i.e., long surface stay time) promoted outpost
expansion. With fewer flights required to transfer crews,
those same resources can be applied to delivering infra-
structure to the lunar surface.
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7.2 PROPULSION SYSTEM TRADES

7.2.1

Cryo_enic/Aerobrakin_ - The initial mass required for an
all-propulsive mission using cryogenic chemical (LOX/
LH2, Isp--470 sec) propulsion is prohibitive (1,500 to 2,000
t per mission). Using aerobraking at both Mars and Earth
return reduces this mass requirement by up to 50 per-

cent. Cryogenic propulsion with aerobraking could
require a lower development cost because the technol-
ogy may be closer at hand. However, it will require
orbital assembly of a large aerobrake, with rigorous on-
orbit verification requirements.

_olid _or¢ Nuclear Thermal Rockets - All-propulsive mis-
sions using solid core nuclear thermal rockets have ini-

tial mass in LEO requirements comparable to cryogenic
with aerobraking for equivalent trip times. Nuclear
thermal rockets have both high thrust and high Isp, and
could be a level of investment comparable to cryogenic
with aerobraking, given the NERVA development pro-
gram and test firings conducted in the 1960s. This op-
tion, however, introduces the issue of nuclear power in
LEO and the associated operational difficulties of hu-
mans in proximity to a nuclear source. Solid core nu-
clear thermal rockets in combination with aerobraking
can reduce the IMLEO of both the all-propulsive solid
core nuclear thermal rockets and cryogenic with aero-
braking by up to 40 percent; however, it may be opera-
tionally impractical to aerobrake a hot nuclear reactor
back into Earth orbit.

Ga_ _or¢ N_lcar Thermal Rockets - The technology pro-
gression from solid core nudear thermal rockets is to
gas core nuclear thermal rockets, which have high thrust
and Isp of 2,500 to 5,000 sec. Gas core nuclear thermal
rockets provide the option of either: (a) IMLEO of ap-
proximately half the cryogenic/aerobraking requirement
for the same trip time, or (b) very quick trip times (<100
days each way) with IMLEO comparable to cryogenic/
aerobraking. However, it is a very immature technol-
ogy requiring significant basic research and develop-
ment. Also, open loop gas core nuclear thermal rockets
release radioactive effluent in the exhaust plume, thereby
creating operational problems in LEO. The potential ad-
vantages of nuclear thermal rocket propulsion for pi-
loted Mars missions make this an attractive subject for
further study.

Electric Prppulsion - Mars missions employing electric
propulsion, both nuclear (NEP) and solar (SEP), are less
sensitive to launch dates and launch windows due to

the low-thrust characteristics of the propulsion systems.

Trip times for either system can be comparable to cryo-

genic/aerobraking,.given a high enough power input
to the thrusters. For SEP, this means solar arrays the
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size of several football fields; for NEP it means space

nuclear reactors in the multi-megawatt dass. Also, due
to the low-thrust nature of the propulsion system, each

would need to be operated from high-Earth orbit in order
to achieve the competitive trip time. This may make

electric systems impractical for piloted missions, due to
the length of time the crew will spend in the Van Allen

radiation belts. However, the propulsive efficiency of
the high Isp of electric propulsion systems (2,000 to

10,000 sec) makes these systems attractive for cargo
missions, which have higher mass requirements and are
also less sensitive to flight time.

Unconventional Sustems - The use of a momentum ex-

change facility (tether) at Phobos was included in the
original mission description for the Mars Evolution case

study. By plating a tether on Phobos, a vehicle can be-
gin at Phobos and be reeled out, either toward or away

from Mars. By selecting the proper length for the tether,
a vehicle can descend from Phobos to the surface of Mars

without performing a de-orbit delta V. Likewise, upon
Mars departure, the tether can be used to add energy to
an Earth-bound vehicle without consuming propellant,

thereby reducing the TEI delta V.

However, Phobos is in a circular, equatorial orbit about
Mars. In order to rendezvous with Phobos, the MPV

must perform a delta V maneuver to raise the post-aero-

capture orbit periapsis out of the martian atmosphere to
an altitude equivalent to Phobos's orbital radius. A plane
change maneuver must also be performed in order to
place the MPV into an equatorial orbit. When adding
the additional mission complexity and delta V costs to
the total transportation budget, the net effect is that the
gain of using the tether facility is actually offset by the
cost of getting to Phobos to use it. (This is true even if
the plane change maneuver is performed via aerocap-
ture.) When the tether system masses (75 t) are accounted
for, the initial mass in LEO for a transportation scheme
using a Phobos tether is increased even more compared
to a transportation system that does not use the tether.
Therefore, this concept was excluded from the MASE
integrated mission description.

7.2.2

Crgo__enic/Aerobrakin_ - The initial mass requirements for

an all-propulsive mission using cryogenic chemical

(LOX/LI-I 2, Isp~480 sec) propulsion can be reduced by
15 to 25 percent by using aerobraking at Earth return.

Nuclear Propulsion - Because of the short trip times to the
Moon, and the operational considerations of nuclear
systems in the Earth/Moon space, nuclear propulsion
options have not been explored in depth for lunar mis-
sions.

L
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7.3VEHICLEDESIGNALTERNATIVES

Exvendable versus Reusable Svacecra_ - Employing reus-
able vehicles is predominantly driven by economic con-
siderations; i.e., reusing spacecraft permits fewer copies
of the vehicle to be manufactured and launched into

orbit. However, reusing spacecraft requires facilities
located in space to store, maintain, and refurbish these
vehicles, and the vehicles themselves must be designed

to be space-based and maintained. Presumably, there is
a flight rate at which reusing vehicles becomes opera-
tionally and economically a more viable option than ex-
pending vehicles after each mission. Spacecraft reusa-
bility is also dependent on the mission. Mars excursion

vehicles, for example, are not practically considered
reusable but instead, employ two-stage expendable
designs. The martian atmosphere and sizeable gravity
field (3/8 of Earth's) make single-stage reusable designs
impractical.

The lunar transportation system baselined for the Lu-

nar Evolution case study is completely reusable, with
10 mission vehicle lifetimes. However, initial lunar ex-

cursion vehicle expendability in the Lunar Evolution case
study allows early emplacement of a significant manned
facility. Also, larger transfer vehicles allow the delivery
of fully fueled excursion vehicles to lunar orbit, which

minimizes the on-orbit refurbishment and processing,
reduces the number of LTV flights for each LEV land-
ing, and postpones complicated operations until more
experience has been gained.

For the Mars spacecraft, the trans-Mars injection stage
is expended after each mission due to the energy re-
quired to return the spent stage to Freedom. The Mars
transfer vehicle is reusable, as it returns the crew to LEO.

The Mars excursion vehicle is expendable.

Zero-£ versus Arti_ "cia!-gMars Vehicle - Both zero-g and
artificial-g Mars vehicles have been studied in recent

years. Results from these studies have provided in-depth
understanding of the design of both types of vehicles.
These studies have shown that artificial-g Mars transfer
vehicles are on the order of 30 percent more massive than

an equivalent zero-g vehicle and are more complex.

Life sciences research has not yet yielded sufficient
understanding of the zero-g/artificial-g issues. Counter-
measure technology and techniques will need to be
developed, and, in fact, artificial-g transfer vehicles may
create additional human factors problems.

In addition, fast trip times to Mars utilizing advanced
propulsion methods may negate the need, if required,
for artificial-g vehicles.

ProveIlant Transfer versus Tank Transfer - Fueling on-or-

Section 7, Conclusions

bit is required if vehicles abe reusable or if the entire
vehicle stack (vehicle, propellant, and payload) cannot
be launched fully fueled. The trade between propellant
transfer and tank transfer is dependent on the vehicle
design and operation requirements and capabilities.

Propellant that is transported to low-Earth orbit must
be carried in tanks that are eventually expended (refur-
bishment of the tanks, although possible, is not being
considered at this time). Considerable losses may occur
during propellant transfer operations, including trans-
fer losses, boiloff, and propellant residuals that cannot
be transferred. Tank set transfers exhibit only boiloff
losses, but may increase the complexity of the operations,
the vehicle dry mass, and the need for integrity and
verification checks.

The current scenarios under investigation utilize both
propellant and tank transfers in the fueling operations
of the transportation vehicles. Fueling of the lunar trans-
fer vehicles is accomplished via tank transfers in low-
Earth orbit, whereas the lunar excursion vehicles are

fueled through propellant transfers in low lunar orbit.
Both tank and propellant transfers are used for the Mars
vehicles.

7.4 PLANETARY SURFACE SYSTEM OPTIONS

Opc'n versus Closed LooF Ufe Supporf - The life support
system selected for the evolutionary outposts is an ad-
vanced regenerable physical-chemical system that
evolves in two phases. The initial life support system is
a derivation of the Space Station Freedom system and
recovers 96 percent of the water and oxygen through-
out the system. However, nitrogen, food, and system
and crew expendables are still required for resupply. The
second phase of the system advances the recovery of
materials from solid wastes and reduces resupply of
system expendables. This system also uses lunar-sup-
plied oxygen in the regenerable system, achieving a
functional closure of nearly 99 percent. Resupplies are
s fi'llr-eclUi_;ed-for nitrogen, food, and crew expendables.
However, the net savings in mass to the lunar surface
(for example) is more than 60 percent over a 20-year
period, versus an open-loop (Shuttle-class) system, as
shown in figure 7.4-1.

In Situ versus Earth-Suvplied Resources - The use of in situ
resources reduces the logistical demands on Earth of
maintaining a lunar outpost and helps to develop out-
post operational autonomy from Earth. The MASE Con-
trolled Trade Study conducted this year on this topic
determined that lunar resource production results in less
total mass to LEO over the life of a lunar outpost, and
also produces a strong potential for return on invest-
ment, as shown in figure 7.4-2. Prior studies have dem-
onstrated that an extensive terrestrial experience base
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IT oral mass to surface reduced by 62% I
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Figure 7.4-1.- Accumulated mass to the lunar surface for closed and open life support systems.
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Figure 7.4-2.- Effect of in situ resource utilization on mass and cost for lunar missions.
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with analogous mining processes exist. In fact, the ter-

restrial processes use highly automated/teleoperated
facilities with production rates orders of magnitude
greater than lunar requirements. Results to date have

shown that for the Lunar Evolution case study the ini-

tial mass in LEO is reduced by as much as 35 percent
per lunar flight when LLOX is used in the lunar ascent/

descent transportation systems.

The Mars Evolution case study assumed the develop-

ment of a propellant production plant at Phobos. The
case study transportation architecture assumed the

propellant produced from the Phobos regolith was used
by the MPV for the TEI delta V. The TEI propellant mass

required, for the spacecraft masses and operational se-
quences assumed, varies from 60 to 80 t per return flight
depending on the opportunity. This translates into a

mass savings in LEO of 200 to 300 t per piloted flight.

However, these mass savings are not completely real-
ized. First, there is the mass cost of delivering the 50 t

plant to Phobos initially, plus any spares that must be
delivered over the life of the plant. Next, there is the

additional delta V (and hence, mass) cost of actually get-
ting to Phobos, compared to operations out of a highly
elliptical orbit, as discussed in section 7.2.1.

The net result is that there is a positive mass return from
a propellant plant at Phobos. However, the magnitude

of the return realized was not large enough to offset the
increased mission operational complexity in getting to
Phobos to use the plant. Also, it was assumed in the

mass calculations that once the Phobos plant was on-

line, the MPV departed Earth with zero TEI propellant.
From a crew and mission safety standpoint this was not

felt to be practical. Accounting for these concerns would
decrease (or perhaps obviate) the mass benefit further.

Furthermore, since Phobos is in an equatorial orbit,
rendezvous with Phobos would constrict the MEV to

only equatorial sites on Mars without the additional

penalties associated with plane change maneuvers.

It was therefore concluded in the synthesis activity that
the use of Phobos as a propellant gateway was not a

viable option. However, this conclusion is dependent
upon the case study assumptions about how and where

the Phobos plant was utilized. For example, the scope

of the Mars Evolution case study extended onIy through
eight flights. Extending the horizon another 10 to 20

years may produce very different results. Delivering

the Phobos-produced propellant to the MPV in its equa-
torial orbit instead of delivering the MPV to Phobos

S_on 7, Conclusions

would change the results dramatically. Also, using

Phobos-produced propellant in the MEVs will likely
produce a very different result, since it is expected that,

like the use of LLOX in the Lunar Evolution case study,

the benefit realized is directly proportional to the prox-
imity to the source.

Surface Power - During the emplacement phase of the
Lunar Evolution case study, a solar power system was

selected as the major power source. The system uses
photovoltaic arrays (PVA) for daytime power and re-

generative fuel cells (RFC) for power during the lunar
night. Due to the length of the lunar night (14.8 days),

the storage requirements for the RFC are massive. The
initial PVA/RFC system provides 50 kW during the day
and 25 kW during the night. As the power demands

grow, the solar array systems become unwieldy. Above
100 to 200 kW, nuclear power offers improved specific

power. In fact, a major finding documented in the Lunar

Evolution case study is that using nuclear power to
provide 100 kW continuously for 10 years will reduce

the mass to the lunar surface by more than 90 percent
compared to a PVA/RFC system.

7.5 ORBITAL NODE OPTIONS

Svace Station Freedom versus New Svacer_rt versus Direct

Assem_/v - The use of on-orbit assembly for this year's
case studies ran the gamut from: (a) no assembly (Mars
Expedition) to (b) assembly at Space Station Freedom

(Lunar Evolution) to (c) assembly at a free-flying fixture
(Mars Evolution). Each was proposed to understand the

implications of the respective concept, not to recommend

one option over the others as a final implementation.
The key results of the respective studies are presented
in table 7.5-I.

7.6 SUMMARY

Over the last 2 years, NASA has examined in detail a

number of potential strategies for human exploration of

the solar system: Apollo-type expeditions to Mars and
Phobos, evolutionary outposts on the Moon and Mars,
and scientific observatories on the Moon. The case stud-

ies, controlled trades, and special assessments have re-
sulted in a substantial base of information about the

benefits and implications of various approaches to ex-

panding human presence and activity beyond Earth's

orbit into the solar system. The key findings of the 1989
exploration studies combine with those of the 1988 stud-

ies to build the foundation of future analyses to deter-
mine how best to achieve this national goal.
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TABLE 7_-I.- LOW-EARTH ORBIT NODE OPTIONS

No LEO node

(vehicle "self assembly")

Space Station Freedom
co-orbiting platform

Space Station Freedom
(multi-purpose)

SeparateLEO assemblyfacility

Advantages

• Minimizes on-orbit facilities

• No impact to Space Station
Freedom

• Minimum crew required for
assembly

• Assembly facility in close
proximity to Space Station
Freedom

• Relieves "self assembly" from
vehicles

• Minimal impact to Space
Station Freedom

• Space Station Freedom crew
available for assembly

• Single common facility in LEO
for research and vehicle

assembly

• Minimizes logistics required

• Crew available for assembly

• Optimized on-orbitfacilities

•No impacttoSpaceStation
Freedom

• Separate crew available for
assembly

Disadvantages

• Burdens transfer vehicle designs
with the overhead of "self

assembly"

• No vehicle reusability capability

• Drives up the size of ETO
vehicles

•Requirescrew transportation

between Space StationFreedom

and co-orbitingfacility

• Formationflyingcomplexity

• Interferes with Space Station
Freedom research

• Two similar facilities in LEO

• Dual logistical interfaces
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LEXICON

This report uses a number of acronyms, abbreviations, and special terms. In order to facilitate the
reader's comprehension of the text, a lexicon is presented here.

ACRONYMS AND ABBREVIATIONS

A&R/HP - automation and robotics/human perforraance
Ab - aerobrake

AB - aerobraking
AC - assembly complete (referring to Space Station Freedom)
ADAB - allowable dose above background
AFE - Aeroassist Flight Experiment
AI - artificial intelligence
ALARA - as low as reasonably achievable (radiation dose limit guidelines)
ALS - Advanced Launch System
alt - altitude
Ant - antenna

AOTF - acousto-optical tunable filter
AOTPM - ascent and orbit transfer propulsion module
AP - all-propulsive
APM - ascent propulsion module
APSA - advanced photovoltaic solar array
ARC - Ames Research Center

Artificial-g - artificial gravity
ASAO - Advanced Space Analysis Office (located at the NASA/Lewis Research Center)
a-Si - antimony and silicon
ASRB - Advanced Solid Rocket Booster
ASRM - Advanced Solid Rocket Motor

ATCS - Active Thermal Control Subsystem
ATD - Advanced Technology Development
ATDRSS - Advanced Tracking and Data Relay Satellite System
ATP - authority to proceed
au - astronomical unit

bps - bits per second
BTF - booster turnaround facility

C - Centigrade or Celsius

C3 - square of the hyperbolic excess velocity in units (kin/s) 2
C&C - command and control

C&T - communications and tracking
CAB - core assembly building
CAD/CAM - computer-aided design/computer-aided manufacturing

CBC - closed Brayton cycle
CC - command and control

CCD - charge coupled device
CD - coefficient of drag
CDR - Critical Design Review
CELSS - controlled ecological life support system

CEPF - cargo element processing facility
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CEPS - Center Exploration Program Scientists
CERTS - Crew Emergency Return Transfer Stage
CERV - Crew Emergency Return Vehicle
CFES - continuous flow electrophoresis system
CG - center of gravity
CIF - cargo integration facility
CM - command module
cm - centimeter

CMG - control moment gyro
CO2 - carbon dioxide

Code C - Office of Commercial Programs
Code E - Office of Space Science and Applications
Code EB - Office of Space Science and Applications, Life Sciences Division
Code EL - Office of Space Science and Applications, Solar System F.xpiomtion Division
Code M - Office of Space Flight
Code N - Office of Management
Code R - Office of Aeronautics and Space Technology
Code S - office of Space Station
Code T - Office of Space Operations
Code Z - Office of Exploration
CSF - customer servicing facility (on Space Station Freedom)
CSI - control/structure interaction

CSTI - Civil Space Technology Initiative
cu - cubic

CY - calendar year

d - days
D - diameter
dB - decibel
dc - direct current

DDT&E - design, development, test, and evaluation
DIPS - dynamic isotope power system
DMS - data management system
DoD - Department of Defense
DoE - Department of Energy
DSC/EGA - differential scanning calorimeter/evolved gas analyzer
DSN - Deep Space Network
AV - delta velocity or mission velocity increment in units of kilometers/second (kin/s)

ECCV - Earth crew capture vehicle
ECLSS - environmental control and life support system
EDCO - extended duration crew opel:ations
EDO - extended duration orbiter

EM - electromagnetic
EMG - Exploration Management Group
EMU - extravehicular mobility unit

EOC - Earth orbital capture
EOD - Exploration Opportunities Document
EP - electric propulsion
EPS - electrical power system
ERD - Exploration Requirements Document
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ESA- EuropeanSpaceAgency
E-'I"- externaltank

ETF - Exploration Task Force
ETHPF - external tank hazardous processing facility
ETO - Earth to orbit

EVA - extravehicular activity
EXSWG - Exploration Science Working Group
EXTWG - Exploration Technology Working Group

F - Fahrenheit

FDI&R - fault detection, isolation and recovery

FDM - frequency division multiplexing
FEL - first element launch (Space Station Freedom)

FMS - fluid management system
FPSE - Free Piston Stifling Engine
FSAS - fluid services accommodations subsystem
ft - feet

F/Wi - thrust-to-initial-weight ratio

FY - fiscal year

g - gram
g - Earth's gravitational acceleration at sea level
GCR - galactic cosmic radiation
GEO - geostationary Earth orbit (also geosynchronous Earth orbiO
GHz - gigahertz (one billion cycles per second)
GN&C - guidance, navigation, and control
GN2 - gaseous nitrogen

GO2 - gaseous oxygen

GPHS - general purpose heat source
GPS - global positioning satellite
GRS - geosynchronous relay satellite
GSE - ground support equipment
GSFC - Goddard Space Flight Center
GT - ground terminal
Gz - artificial gravitational acceleration

H 2 - hydrogen

H20 - water

HEO - high-Earth orbit
HER - high expansion ratio
HLLV - heavy-lift launch vehicle
HMF - Health Maintenance Facility

hp - periapsis altitude
HPF - hazardous processing facility

HQ - Headquarters
hr - hour
ht - heat

ht - height
H/W - hardware
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IA - Integration Agent
IDEAS - NASA Integrated Design and Evaluation of Advanced Sys_nsss computer software

IHPF - integrated hazardous processing facility
IHPPF -integratedhazardouspayloadprocessingfacility

ILC -initiallaunchcapability
IMLEO -initialmass tolow-Earthorbit

IMM -interplanetarymissionmodules
IMU -inertialmeasurement unit

InP -indium phosphide

IOC -initialoperationalcapability
IR - infrared

Isp - specific impulse (in units of seconds)
IT&V - integrated test and verification
ITL - integrate/transfer/launch
WA - intravehicular activity

JEM - Japanese Experiment Module
JPL - Jet Propulsion Laboratory
JSC - Lyndon B. Johnson Space Center

K -temperatureinkelvins

Kbps -kilobitsper second

kg -kilogram
klbf- thousand-pound force
ldbs - thousand pounds
km - kilometers
kN - kilonewton (1,000 newtons)

KSC -John F.Kennedy SpaceCenter
kW -kilowatts

kWe -kilowattsofelectricalpower

kWt -kilowattsofthermalpower

L1/L2/L5 - Earth-Moon colinear libration points
LANL - Los Alamos National Laboratory

LAPM - lander/aerobrake propulsion module
LaRC - Langley Research Center

lb - pounds
Ibm - pounds-mass
LCC - launch control center

L/D - lift-to-drag ratio
LDEF - Long Duration Exposure Facility
LEO - low-Earth orbit

LEP - laser electric propulsion
LeRC - Lewis Research Center
LEV - lunar excursion vehicle

LEV-C - lunar excursion vehicle - cargo
LEV-P -lunarexcursionvehicle-personnel

LGRF -low gravityresearchfacility

LH2 -liquidhydrogen
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Lidar - light detection and ranging
LLO - low-lunar orbit

LLOX - lunar hqmd oxygen

low-g - low gravity
LOX - liquid oxygen
LP - logistics platform
LPT - lunar propellant tanker
LRB - liquid rocket booster
LRS - lunar relay satellite
LS - lunar surface

LSS - life support system
LST - lunar surface terminal
LTV - lunar transfer vehicle

LTV-C - lunar transfer vehicle - cargo
LTV-P - lunar transfer vehicle - personnel

m - meters
M - million

Magsail - magnetic sail
MASE - Mission Analysis and Systems Engineering (JSC Code Z support function)
MAV - Mars ascent vehicle

Mbps - megabits per second
MCC - midcourse correction

MCL - Mars cargo lander
MCV - Mars cargo vehicle
MDV - Mars descent vehicle

IIEP - microwave electric propulsion
MEV - Mars excursion vehicle

MeV - megaelectronvolts
MEV-C - Mars excursion vehicle - cargo
MEV-P - Mars excursion vehicle - personnel
MHz - megahertz (one million cycles per second)

MJ - multijunction
MLI - multilayer insulation
MLP - mobile launch platform
mm - millimeter

MMH - monomethylhydrazine
MMIC - monolithic microwave integrated circuits

MMV - Mars maneuvering vehicle
MOC - Mars orbital capture
MOCS - Mars orbit capture system
MOD RTG - modified radioisotope thermoelectric generator
MOI - Mars orbit insertion
MOMV - Mars orbital maneuvering vehicle
MOV - Mars orbiter vehicle

Mpl - mass of payload
MPV - Mars piloted vehicle
MRSR - Mars Rover/Sample Return
M sail - mass of solar sail

MSC - Mobile Servicing Center (an element of Space Station Freedom)

MSFC - George C. Marshall Space Flight Center
MTBF - mean time between failures

MTC - man-tended capability
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pTP - microwave thermal propulsion
M'FIR - mean time to repair
MTV - Mars transfer vehicle

MTV-C - Mars transfer vehicle - cargo

MW - megawatts
MWe - megawatts of electrical power
MWt - megawatts of thermal power

N - Newtons

N2 - nitrogen

N204 - nitrogen tetroxide
NA, N/A - not applicable
NASA - National Aeronautics and Space Administration
Nascom - NASA communications network

NASTRAN - NASA Structural Analysis
NCRP - National Council on Radiation Protection

NEP - nuclear electric propulsion
NERVA - Nuclear Engine for Rocket Vehicle Application
NIB - noninterference basis
nmi - nautical mile

NOAA - National Oceanic and Atmospheric Administration

NOCC - network operations control center
NSO - Nuclear safe orbit

NSTS - National Space Transportation System
NTR - nuclear thermal rocket

02 - oxygen
OAA - Opportunities Assessment Agent
OAST - Office of Aeronautics and Space Technology (Code R)
OEXP - Office of Exploration (Code Z)
O/F - oxidizer-to-fuel ratio
OMB - Office of Management and Budget

OMD - Operations and Maintenance Documentation
OMS - orbital maneuvering system
OMV - orbital maneuvering vehicle

ORNL - Oak Ridge National Laboratory
ORU - orbit replaceable unit
OSHA - Occupational Safety and Health Administration
OSO - Office of Space Operations (Code T)
OSS - Office of Space Station (Code S)
OSSA - Office of Space Science and Applications (Code E)
OTV - orbital transfer vehicle

P - power
PA, P/A - payload assist
P/C - physical-chemical
PCU - power control unit
PDR - Preliminary Design Review
PDRD - Preliminary Design Review Document
PHF - payload holding fixture
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PLSS - portable life support system
PMAD - power management and distribution system
PMC - permanent manned capability
POC - proof of concept
ppm - parts per million
PRR - Preliminary Requirements Review
psia - pounds per square inch absolute
PTA - propulsion test article
PV - photovoltaic
PVA - photovoltaic array
PVA/RFC - photovoltaic array/regenerative fuel cell
PV/RFC - photovoltaic/regenerative fuel cell
PYE - personnel year equivalents

R - final mass to initial mass ratio

R&A - research and analysis
R&D - research and development
R&T - research and technology
RCS - reaction control system
rem - roentgen-equivalent man
RF - radio frequency
RFC - regenerative fuel cell
RMS - remote manipulator system
RPSF - rotational payload support facility
RSAT - relay satellite
RSRM - reusable solid rocket motor

RTG - radioisotope thermoelectric generator
RTLT - round-trip light time

S, sec - seconds

SAA - special assessment agent
S / C - spacecraft
SDI - Strategic Defense Initiative
SDV - Shuttle-derived vehicle

SEP - solar electric propulsion
SFM - servicing facility manipulator
SGL - space-to-ground link
SI - International System of Units
SIA - station interface assembly
SMr - specific mass of rover
SNAP - systems for nuclear auxiliary power
SPDMS - special-purpose dextrous manipulator system

sq - square
SRD - Study Requirements Document
SRR - system requirements review
SSES - Solar System Exploration Subcommittee
SSME - Space Shuttle Main Engine

SSPA - solid state power amplifier
SSPF - Space Station processing facility

STBE - Space Transportation Booster Engine
STEP - Structural Technology Experiments Platform
STME - Space Transportation Main Engine

A-8



STP- solarthermalpropulsion

STS - Space Transportation System
STV - space transfer vehicle
Sv - Sieverts

t - metric ton (tonne, 1,000 kg)
TCS - thermal control system
T&DA - tracking and data acquisition
TDRSS - Tracking and Data Relay Satellite System
TE - thermoelectric
TEI- trans-Earth injection

TEIS - trans-Earth injection stage
THURIS - The Human Role in Space (computer program)

TMI - trans-Mars injection
TMIS - trans-Mars injection stage
TNIM - telecommunications, navigation, and information management

TPS - thermal protection system
TPT - transfer propellant tank
TT&C - tracking, telemetry, and command
T/W - thrust-to-weight ratio
TWTA - traveling wave tube amplifier

UHF - ultra-high frequency
ULP - universal launch pad
UN - uranium nitride

UPA - universal payload adapter
US - United States

V, vel - velocity
v - volts

VAB - vehicle assembly building
VGRF - variable gravity research facility
VIB - Vehicle IntegrationBuilding
VIMS - visual/infrared mapping spectrometer

VLF - very low frequency
VLFA - very low frequency array

W - watts

We - watts of electrical power

Whr/kg - watt hours per kilogram

XMIT - transmit

XPOND - transponder

yr-year

Zero-g - zero-gravity
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DEFINITION OF TERMS

- Pre-development phase of program.

Acousto-Optical Tunable Filter - An advanced sample analysis sensor.

A_rQbrake - Aerodynamic brake for use in low-density atmospheres.

Aerocapture - A technique of capturing a heliocentric spacecraft into a planetary orbit, using an
aerobrake.

Aeroshell - High-drag aerodynamic-braking heat shield for returning spacecraft or planetary landers.

Aphelion - Point in a solar orbit (planet or spacecraft) closest to the center of the Sun.

Ascent and orbit transfer propulsion module - A module using chemical propellants (H2/O2) that is used

on the Phobos/Deimos excursion vehicle, Mars ascent vehicle, and Mars descent vehicle.

A_rqnqmical unit - The distance from the Earth to the Sun; approximately 150 million k,m.

B_neficiation - Improving the chemical properties of an ore so that metal can be recovered.

- Engine utilizing the Brayton cyde, a thermodynamic cycle consisting of two constant-
pressure processes interspersed with two constant-entropy processes.

Brcms_rahlung - Radiation that is emitted by an electron accelerated in its collision with the nucleus of
an atom.

C/D - Development phase of program.

_C_3- Injection energy; square of the hyperbolic excess velocity in units of (km/s) 2.

Cislunar - Of or in the region of space between Earth and the Moon.

Conjunction-class trajectory_ - Round-trip trajectory between two planets (e.g., Earth and Mars) requiring
minimum fuel expenditure. Conjunction-class Mars missions generally have flight times slightly greater
than 1,000 days.

Consolidation phase - Second phase of the Lunar Evolution and Mars Evolution case studies. The

objectives of this phase include:

1. Begin to exploit the local Mars/Moon resources with the introduction of a gateway propellant

plant.
2. Increase crew size, Mars/Moon surface stay time, and both human and robotic exploration

capabilities.

Controlled Ecolo_cal Life Support System - A spacecraft life support system that continually recycles

solid, liquid, and gaseous materials essential for human life.

Cryogenic propellant - Propellant that must be stored at very low temperatures, e.g., liquid hydrogen and

liquid oxygen.

Deep space maneuver - Propulsive maneuver performed along an interplanetary trajectory.
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Deep Space Network - NASA Earth-based interplanetary communications system.

Direct entry. - An uninterrupted atmospheric entry/landing process that allows savings in vehicle mass

requirements.

Dysbarism - Sickness caused by decompression.

Earth crew capture vehicle - Small vehicle for crew Earth orbit capture and/or Earth Entry and Landing
System.

E0r_/Moon libration point - (also Lagrangian point) Critical point in Earth-Moon space, where a body at
rest would remain unless disturbed by an external force.

Earth orbit capture system - Earth aerobrake plus retropropulsion plus guidance and control, if required.

Earth Transfer Vehicle - Configuration of Mars spaceship for Mars to Earth transport of crew.

Earth-to-orbit vehicles - Launch vehicles such as expendable launch vehicles, Space Transportation
System, and heavy lift launch vehicles.

Emerging case study - Candidate concept for a focused case study that is not yet sufficiently mature for
release from the MASE analysis process.

Emplacement phase - First phase of the Lunar Evolution and Mars Evolution case studies. The objectives
of this phase include:

1. Initial human landing, deployment, and check-out of the surface habitat module.
2. Local human exploration activities and regional semiautonomous exploration capability.

Enabling technology - Key high-leverage technology assumed or required for completion of a spacecraft
mission as required in the case study.

Exploration Requirements Document - Publication produced by the Office of Exploration that levies the

overall exploration themes and objectives to initiate the FY 1989 studies activities.

Extravehicular acti¥i_ - Any human activity outside protective shirt-sleeve environment and requiring a

spacesuit.

Fifth force - A highly speculative weak anti-gravity force. Recent experiments at Lawrence Livermore
Lab indicate there is no fifth force in gravity.

Flight telerobotic servicer - Teleoperated robot for Space Station Freedom.

Free-abort - Type of manned round-trip Mars mission designed with an abort capability, prior to Mars
arrival, requiring no propulsive maneuver at Mars flyby.

Galactic cosmic radiation - Cosmic rays from outside the solar system.

_physical monitoring station - Mars surface scientific station designed to:

1. measure atmospheric volatiles, composition, and structure
2. study spatial and diurnal variations and long-term temporal variations
3. monitor weather, clouds, dust storms, and dust density and composition
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4. measuresolarwindflux,electronimpact,othercosmicparticles, heat flow, and passive seismic
activity.

Geostationary Earth orbit - (also geosynchronous Earth orbit) Orbit in which sateUite remains over same

point on surface of Earth - about 35,800 km above the equator - revolving at same angular speed as Earth.

Gravity gradient stability - Means of regulating the attitude or orientation of a spacecraft by responding
to changes in gravity acting on the spacecraft.

Halo orbit - Stable spacecraft orbit about a libration point such as LI or L2.

Heavy. lift launch vehicle - Earth-to-orbit vehicle with payload lift capability greater than 90 t to low-Earth
orbit.

Hooks and scars - Term used in association with Space Station Freedom. Refers to design techniques that
prepare Freedom to facilitate future planned evolution; scars refers to hardware, and hooks refers to
software.

H .vpergolic propellant - A combination of fuel and oxidizer that ignite spontaneously on contact.

Implementation (Requirements) - Those activities that react to a set of requirements with specific
analyses, studies, and trades directed toward the provision of specific products, which may include
concepts, element/systems architecture, recommended configurations, and operating strategies and
techniques.

Insola0on - Rate of delivery of solar radiation per unit area of a planet's surface.

Integration Agents - The Office of Exploration Integration Agents are Level III implementation agents.
The Integration Agents are responsible for the definition of integrated sets of elements within specific
domains. The domains are:

1. Space Transportation (excluding Earth-to-Orbit)
2. Planetary Surface Systems
3. Orbital Nodes

The Integration Agents act as conceptual definition agents for elements of infrastructure that support the
scenario development activities. The definition activity of an Integration Agent matures with time,

beginning with basic functional descriptions, and evolving to concepts and point designs, but, in general,
will not go to the level of detail expected in phase B development programs. At that point in time, the

development responsibility is passed from Code Z to the responsible NASA Headquarters program
office.

Interplanetary mission modules - Habitat/laboratory/logistics modules for crew in space.

L1 - Libration point; critical point in Earth-Moon space where a body at rest would remain unless
disturbed by an external force.

Lander/aerobrake propulsion module - Module using chemical propellants to deliver up to 50 t payload
from high-Mars orbit to Mars surface. The module is used on the Mars cargo lander, Mars descent
vehicle, and the Mars crew sortie vehicle.

Low-Earth orbit - A circular orbit about Earth with an altitude of approximately 300 to 500 km.

Low-lunar orbit - A circular orbit about the Moon with an altitude of approximately 100 km.
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I._w-Marsorbit-A circularorbitaboutMars withan altitudeofapproximately250 to500 km.

Lunar day/night-Approximately14Earthdays each.The Moon completesone revolutionabout Earth

inapproximately28days.

l,un_r excursionv¢hicle-Vehicledesignedtotransportcrew,cargo,and propellantsbetween low-lunar

orbit(300km circular,equatorial)and thelunarsurfaceby theyear2000.

Lunpr Observer-Roboticscientificmissiontostudygeochemistryand climatologyoftheMoon.

Lunpr propellanttanker-Vehicledesignedtotransportpropellantbetween Earth'ssurfaceand alunar
transfervehicleinlow-Earthorbit.

Lun0r r_laysatellite-Communications satelliteinahaloorbitabout LI orL2 intheEarth-Moon system.

These satelliteswillrelayinformationbetween lunarsurfaceterminalsand otherlunarrelaysatellites.

Lunar transfervehicle-Vehiclefortransportationbetween low-Earthorbitand theMoon.

Magneticsail-A superconductingcurrentloopthatcreatesamagneticdipolefieldtodeflectthecharged

particlesofthesolarwind and obtainthrust.To be exposed tothesolarwind, themagneticsailmust be

operatedinheliocentricspace,outsidetheinfluenceoftheEarth'smagneticfield.

Magnetotail-The portionofthemagnetosphereextendingfrom Earthinthedirectionaway from theSun

fora variabledistanceofnearly1,000Earthradii.

Mars ascentvehicle-The vehiclethatislaunchedfrom Mars surfacetoMars orbit.

Mars cargovehicle-LogisticsvehiclesenttoMars forcargostaging.

Mars descentv¢hicle-The vehiclethatde-orbitstolandon Mars.

Mars excursionvehicle-Spacecraftthatcarriescrew toMars surfacefrom Mars orbit.

Mars landedmissionmodule(.s)-Habitat]laboratory/logisticsmodules forthesurfaceofMars.

Mars Observer-RoboticscientificorbitermissiontoMars,plannedfor1992launch.

Mars orbitoperatingsystem-PropulsionforMars orbitmaneuvers.

Mars orbitalcapturesystem-Mars aerobrakeplusretropropulsion,ifrequired,plusguidance and
control.

Mars orbitingvehicle-VehicleconfigurationinMars orbit.

M_r_ spaceship - The spaceship that is assembled in low-Earth orbit.

Mars transfer whicle - Spacecraft configuration during flight to Mars.

Mission Analysi.s and Systems Engineering - The Mission Analysis and Systems Engineering (MASE) is a
Level II implementation function of the Office of Exploration. MASE will decompose the scenario
requirements into collections of top-level, functional requirements that must be accomplished by the
Integration Agents (IAs). The Integration Agents will develop concepts that implement these
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requirements and furnish this information to the MASE for integrated systems synthesis and total
scenario oplion evaluation.

The MASE will also develop scenario dependent study issues for the Special Assessment Agents (SAAs)
and, as results are available from the Special Assessment Agents, will assess total scenario impacts.

Mon_methylhydrazine - Bipropellant fuel.

National Space Policy. and Exploration Guidelines -

The policy specifies that in conjunction with other agencies: NASA will continue the lead role
within the Federal Government for advancing space science, exploration, and appropriate
applications through the conduct of activities for research, technology, development, and related
operations.

Space Science - NASA, with the collaboration of other appropriate agencies, will conduct a
balanced program to support scientific research, exploration, and experimentation to expand
understanding of: (1) astrophysical phenomena and the origin and evolution of the universe;
(2) the Earth, its environment, and its dynamic relationship with the Sun; (3) the origin and
evolution of the solar system; (4) fundamental physical, chemical, and biological processes; (5) the
effects of the space environment on human beings; and (6) the factors governing the origin and
spread of life in the universe.

Space Exploration - In order to investigate phenomena and objects both within and beyond the
solar system, the policy states that NASA will conduct a balanced program of manned and
unmanned exploration.

Human Exploration - To implement the long-range goal of expanding human presence and
activity beyond Earth orbit into the solar system, the policy directs NASA to begin the
systematic development of technologies necessary to enable and support a range of future
manned missions. This technology program (Pathfinder) will be oriented toward a
Presidential decision on a focused program of manned exploration of the solar system.

Unmanned Exploration - The policy further directs NASA to continue to pursue a program of
unmanned exploration where such exploration can most effidently and effectively satisfy
national space objectives by among other things: achieving scientific objectives where human
presence is undesirable or unnecessary; exploring realms where the risks or costs of life
support are unacceptable; and providing data vital to support future manned missions.

Nitrogen tetroxide - N20 4, bipropellant oxidizer.

Normoxic - Normal concentration (21%) of oxygen in Earth's atmosphere at sea level.

Nuclear electric propulsion - Low-thrust electric propulsion, with electric power provided by nuclear
reactor.

Nuclear En_ne for Rocket Vehicle Application - (NERVA), nuclear thermal rocket program.

.NuClear _Ofe orbit - Circular geocentric orbit with 700 km altitude designed to delay atmospheric entry
and spacecraft nuclear reactor disintegration for several hundred years in order to reduce the danger of
high-level radiation in the atmosphere.
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Nuclear thermal rocket - A space propulsion concept technique in which the heat from a nuclear fission
reactor is used to raise the temperature of the propellant, which is then expanded through a nozzle to
provide thrust. Two types of nuclear thermal rockets have been studied: gas core and solid core.

Office of Exploration Case Studies - Studies are specific mission scenarios that execute the exploration
goals according to the objective content of the themes and strategies. Each case study may contain several
optional implementation approaches. The case studies will be initiative-specific; each case study and its
optional implementation approaches will address a single strategy. The three case studies analyzed in FY
1989 are:

1. Lunar Evolution
2. Mars Evolution

3. Mars Expedition

Opvosition-class trajectory - Round-trip trajectory between two planets (e.g., Earth and Mars) requiring a
higher level of fuel expenditure than conjunction-class missions. Opposition-class Mars missions
generally have flight times around 500 days.

Orbital Nodes Integration Agent - The Office of Exploration Orbital Nodes Integration Agent is
responsible for the definition and integration of all systems, elements and operational procedures for the
low-Earth orbit transportation node, the lunar node, the Mars node and any other space or orbiting
infrastructure required to support the exploration objectives.

Penctrator- Instrumented probe for subsurface and limited surface/atmospheric science investigations.

Perihelion - Point in a solar orbit (planet or spacecraft) closest to the center of the Sun.

Pho_)nic - Adjective form of photon, a massless particle, the quantum of the electromagnetic field,
carrying energy, momentum, and angular momentum.

Photovoltaic _vower array - Power system operated by voltage generated as a result of exposure to visible
or other radiation.

Planetary Surface Systems Integration Agent - The Office of Exploration Planetary Surface Systems
Integration Agent is responsible for the definition and integration of all systems and elements and

operational procedures for all infrastructure that resides on the surface of the Moon, Mars, or other
planetary body.

PQwered abort - Type of manned round-trip Mars mission designed with an abort capability, prior to
Mars arrival, requiring a propulsive maneuver at Mars flyby or a deep space maneuver with magnitude
less than the trans-Earth injection maneuver.

Precursor Requirements - Science, technology, or operational data needed as critical path information to
enable selection of specific habitation site location, location/objectives of specific user surface activities,
systems design options, or specific operational approaches to human exploration. Precursor data are
usually obtained via robotic, highly automated missions.

Prerequisite Roa_uirements - A technical space system performance capability necessary for the execution
of one or more exploration initiatives or scenarios. Prerequisite requirements are part of the exploration
study and define case study-specific technology, space system, and operational support needs at a level
of detail sufficient to enable the receiving program organization to proceed with its implementation
strategy: either the development of new hardware elements, the modification of previously defined or
existing hardware elements, or the use of existing hardware elements in support of the multi-program
initiative implementation effort.
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Propellant Tank Farm - Collection of propellant tanks for on-orbit fueling of interplanetary spacecraft,

Radioisotope thermoelectric generator - Self-contained power system in which a radioisotope is used to
heat one junction in a circuit containing dissimilar metals, thus generating sustained electricity.

- The layer rock or blanket of unconsolidated rocky debris of any thickness that forms the surface
of much of the Moon.

_rn - A unit for measuring absorbed doses of radiation.

Remote Manipulator _y_|on - Space shuttle robot arm.

RL-10B - LH2/LOX engine, manufactured by Pratt & Whitney.

Shuttle-C - Space Shuttle derivative proposed unmanned cargo vehicle.

Shuttle-Z - Space Shuttle derivative operating from Shuttle launch pads and capable of transporting a
fully assembled Mars spacecraft into low-Earth orbit in one or two launches.

Sol - A mean solar day for a given planet. Martian day; the modern term for the rotation period of Mars:
24h 37m 22.6s.

Solar electric propulsion - Ion drive; solar power; utilized in rocket systems; based on electric power,
which can be derived from solar cells.

Solar particle event - Erupti-on from the Sun's chromosphere, which may appear within minutes and fade
within an hour. Solar particle events eject high-energy protons that may impart a lethal dose of radiation
to insufficiently sheltered astronauts.

SP-100 - 100 kWe-class space power system.

Space sub - High-leverage concept developed to assist with on-orbit and planetary assembly and
maintenance operations.

Space Transportation System - All hardware systems, and support equipment, facilities, and manpower
to deliver payloads to Earth orbit onboard the Space Shuttle.

Space Transportation Integration Agent - The Office of Exploration Space Transportation Integration
Agent is responsible for the definition, integration, and operations of all space vehicles beyond low-Earth
orbit.

Special Assessment Agent - Directors of independent studies targeted towards the identification of high-
leverage technologies, systems, or operational techniques. Special Assessment Agents are truly
independent and are not utilized as systems or subsystem definition agents for system designers.

Specific impulse - A performance parameter of a rocket engine, expressed in seconds, equal to the thrust
in pounds divided by the weight flow rate in pounds per second.

Specific mass - Ratio of electric propulsion spacecraft's power and propulsion system mass to initial
power available. Specific mass is the inverse of specific power.
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- Anenginein whichworkisperformedbytheexpansionofagasathightemperature;
heatfor theexpansionis suppliedthroughthe wall of the piston cylinder.

Study Reouirements Document - Publication produced by the Office of Exploration presenting detailed

prerequisite requirements for human exploration case studies. This document also sets forth study tasks
and schedules to which OSSA responds in support of the Office of Exploration overall study effort.

Sublimator - Device used for the heating of solids (usually under vacuum) to the temperature at which
the solid sublimes.

_ubsystems - Within an element's particular system, pertains to those components which, when
integrated together, form the functional hardware and software infrastructure of a system. Examples
include power distribution, heat rejection, and data packeting subsystem.

- Within an element, pertains to individual technical discipline areas which, when integrated
together, form the functional hardware and software infrastructure of an element. Examples include

power, thermal, and data management systems.

" _gIIl" - Pertains to one or more functionally independent or functionally interdependent
elements within a scenario domain, the complement of which must operate in an integrated manner to

achieve a major scenario objective. Examples include Earth-to-orbit transportation systems such as the
National Space Transportation System or a class of Expendable Launch Vehicles, orbital transfer systems,
such as the Orbital Maneuvering Vehicle and Orbital Transfer Vehicle, low-Earth orbit servicing systems
such as the international space station, and planetary transportation systems such as the Lunar and Mars
Rover. This term is usually used in conjunction with a word-set; e.g., National Space Transportation

System, Advanced Launch System.

Technolom¢ Development - The development and demonstration of a hardware, software, or human

capabilit3_-_vith a performance beyond the current state-of-the-art. Examples of technology development
in the Exploration Program are: space nuclear power generation (SP-100), automated rendezvous and
docking, and medical health care for long-duration missions.

Telerobotic - Referring to automated systems operated remotely.

Torque equilibrium angle - Measurement of stability of a vehicle (e.g., Space Station Freedom) relative to
a reference orientation such as local vertical/local horizontal.

Tr_n_-Earth injection - Mars orbital escape and trans-Earth.

Tr_n_-Earth iniection system - Propulsion and guidance system for trans-Earth injection.

Tron_-Mars injection - Earth orbital escape and trans-Mars.

Umbra - That portion of a shadow which is screened from light rays emanating from any part of an
extended source such as the sun.

User - Any organization, group or individual who uses or plans to use the spacecraft, space elements, or
space environs associated with the execution of an exploration initiative for scientific, technology
development, or commercial application objectives.

Utilization phase - Third phase of the Lunar Evolution and Mars Evolution case studies. The objectives of

this phase include:
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1. Establishoutpostpermanencewithexpandedsurfacefacilities,greateruseof Mars resources, and
advanced propulsion technologies.

2. Demonstrate global exploration capability.

Wet mass - Vehicle mass including liquids (e.g., propellants) normally present at the beginning of
operation.

rrL
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Space Center, is responsible for coordinating the technical studies necessary for

accomplishing such a task. This technical report, produced by the MASE, describes the

process that has been developed in a "case study" approach. The three case studies that

were developed in FY 1989 include:

I. Lunar Evolution Case Study, 2. Mars Evolution Case Study, 3. Mars Expedition Case Study.

The final outcome of this effort is a set
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